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 The colossal and growing demands for power and chemicals around the world makes it 
inevitable to rely on cheap, abundant or renewable sources for meeting these demands. As the 
world population increases and nations undergo further industrialization, the primary energy and 
chemical usage will increase. Currently, the majority of the world’s fuels and chemicals are 
derived from coal and crude oil. Not only is their availability finite but also predictions indicate 
that these sources will result in increased atmospheric carbon dioxide and may result in increased 
average earth temperatures and extreme weather phenomena. Methane serves as an excellent 
resource for meeting these growing demands due to its abundance. Alternative energy sources 
could also play a major role in meeting the projected energy demand in the future in a 
sustainable and environmentally friendly manner. Currently, methane steam reforming is the 
most common way of utilizing methane for the production of fuels and chemicals but this 
process is highly energy intensive and expensive. Direct routes for the conversion of methane to 
useful fuels and chemicals at reasonable conditions is therefore more desirable from an economic 
perspective.  
 The direct synthesis of fuels and chemicals from methane and alternative sources is 
therefore an important area of research. However, there is still a long road of research and 
experimenting before any catalyst or process for the direct conversion of methane to fuels and 
chemicals can be commercialized. Also, there is a significant lack of understanding of catalytic 
processes and pathways of catalysts deactivation during the production of fuels and chemicals 
from alternative sources. The purpose of this dissertation is to design and optimize catalysts for 
the conversion of methane into useful chemicals like hydrocarbons and alcohols as well as utilize 
xxv 
	
different experimental techniques to elucidate deactivation of catalysts during the upgrading of 
fuels from alternative sources. 
 The first study focuses on the conversion of methane into higher hydrocarbons and 
hydrogen under non-oxidative conditions. It is demonstrated in this work that methane can be 
converted at steady state to ethane, aromatics and hydrogen up to its thermodynamic limit at 
temperatures of 350 oC to 500 oC. At 450 oC and 500 oC, traces of ethylene are also produced. 
NiO on ceria-zirconia (NiO/CZ) is used for methane activation and coupling to form these 
hydrocarbon products. Two domains of Ni particles are available on the surface of ceria-zirconia 
which lead to the formation of different types of hydrocarbons. Bigger Ni particles with 
sufficient surface sites are responsible for the aromatization of methane. Carbon deposits or 
strongly adsorbed aromatics are also formed when these Ni sites which leads to a progressive 
reduction in aromatic yields during the reaction. Smaller Ni particles which lacks the surface 
sites for aromatization are responsible for the formation of ethane and ethylene. On these sites, 
activated methane groups couple into higher alkyl chains which can be desorbed as ethane and in 
the cases of high temperatures (450 °C and 500 °C), ethane can undergo further dehydrogenation 
into ethylene. These Ni sites which are very small in size do not suffer from coking like the 
larger Ni particles and hence, they remain active throughout the reaction.  
 In the second study, the thermodynamic barrier of activating methane in a non-oxidative 
environment is overcome by introducing oxygen as an oxidizing agent. It is demonstrated that 
the catalyst consisting of small nickel oxide clusters supported on ceria-zirconia (NiO/CZ) can 
convert methane to methanol and ethanol in a single steady state process at 450 °C using oxygen 
as an abundantly available oxidant. The presence of steam ensures that alcohols are obtained 
rather than carbon dioxide as the product of catalytic combustion. The unusual activity of the 
xxvi 
	
catalyst is attributed to the synergy between the small Lewis acidic NiO clusters and the redox-
active ceria-zirconia support, which also stabilizes the small NiO clusters. 
 In the third study, NiO/CZ prepared by dry impregnation, strong electrostatic adsorption 
and co-precipitation is investigated. This is done in order to obtain the optimum catalyst 
comprising of nickel oxide and ceria-zirconia for the conversion of methane to alcohols in a 
single reactor. It is demonstrated that the activity of this catalyst is highly affected by the method 
of preparation used for synthesis. The activity of this catalyst is attributed to the synergy between 
the small Lewis acidic NiO clusters and the redox-active ceria-zirconia support. Hence, the 
activity is improved by reducing the particle size of Lewis acidic NiO clusters on the surface. 
Strong electrostatic adsorption which is used as an alternative synthesis technique leads to strong 
metal support interaction which reduces the agglomeration of NiO during calcination. This leads 
to a catalyst with more highly dispersed NiO clusters and improved methane reactivity compared 
to the catalyst prepared using traditional impregnation. Co-precipitation, another synthesis 
technique used, leads to catalysts with NiO incorporated in the ceria lattice. However, the 
fraction of NiO which are accessible for reaction are well-dispersed leading to high alcohol 
selectivities. For optimum formation of surface Lewis acidic NiO clusters using this synthesis 
technique, a 6 wt.% nickel loading is determined as optimum. 
The fourth study investigates the deactivation of catalyst by strongly adsorbed surface 
species during Hydrodeoxygenation of a bio-oil model compound. The effect of these species on 
the performance of BEA and MFI type zeolites is investigated in this study. Catecholate species 
are formed when catechol is introduced to the catalyst. Due to the large kinetic diameter of 
catechol relative to the pore sizes of BEA and MFI structures, most of these species remain on 
the external surface of the zeolite. Although these species are adsorbed on the surface, they block 
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the pore mouths of the zeolite and restrict access to active sites inside the zeolite framework. 
Other sites on the external surfaces of the zeolites are affected even more greatly. The metal sites 
deposited on the zeolites using the conventional wet impregnation followed by calcination and 
reduction are larger than the zeolite pores and reside on the external surface of the zeolite, 
mainly inside defect sites where silanol nests form or on some surface acidic hydroxyl groups. 
Although catechol-derived species do not directly poison these metal sites, they adsorb at the 
perimeter of these metal sites and can form a blanket coverage of the metals. These catecholate 
species formed appear to restrict access of the reactants to the active sites both inside the pores 
and on the external surfaces of the zeolite, leading to a deactivation of the catalyst. Several 
analytical techniques are used to monitor the effects of these catecholate species – roadblocks – 








1.1 Catalytic Utilization of Natural Gas for the Production of Chemicals and Fuels 
          The recent discoveries of shale gas deposits in North America and methane hydrates in the 
sediments of ocean floors opens up new opportunities for its utilization as a source of important 
chemicals and fuels.1 Methane comprises the most abundant compound in natural gas. Several 
different processes based on catalysis and reaction engineering have been proposed for the 
conversion of methane into useful fuels and chemicals (Figure 1.1). The processes can be 
grouped into two major types. The first one consists of indirect routes, in which methane is 
converted into synthesis gas (syn-gas) either by partial oxidation or by steam or dry reforming at 
temperatures of 800 °C to 1000 °C.2-5 Syn-gas produced from the reforming step can undergo 
further processing into useful chemicals and fuels such as diesel fuel, gasoline, methanol, 
dimethyl ether, lower a-olefins, paraffins, and higher alcohols. The second type of processes 
involves direct conversion of methane without the initial production of syn-gas. Specifically, 
oxidative coupling6-9 and non-oxidative coupling10-13 processes can directly convert methane into 
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Figure 1.1 Schematic representation of several catalytic processes for the conversion of methane 
into useful fuels and chemicals. 
 The conversion of methane using the indirect route has already been commercialized. 
Several large facilities are operational including the Sasol plants near Johannesburg in South 
Africa, the PetroSA plant at Mossel Bay, the Shell Middle Distillate Synthesis plant in Malaysia, 
the Oryx gas-to-liquid plant in Qatar, and the gas-to-liquid plant in Nigeria.16 However, due to 
the high energy requirements for the reforming step, the conversion of methane to syn-gas and 
the compression of syn-gas typically accounts for about 60-70% of the capital cost to operate the 
plant. Moreover, this technique limits the utilization of remote and inconveniently located natural 
gas fields, which accounts for a significant percentage of the world’s natural gas reserve. 
 A great amount of incentive therefore still exists for the development of processes for 
direct conversion of methane to important fuels and chemicals without syn-gas as an 
intermediate. One widely pursued strategy has focused on the direct catalytic conversion of 
3 
	
methane to C2+ hydrocarbons in an oxidative environment, or as commonly referred to in the 
literature, oxidative coupling of methane (OCM). The best single-pass ethylene yield reported so 
far from this process is approximately 25%, which is deemed insufficient for industrial 
application of this process.9 A major setback in this process is that, oxygen in the mix further 
oxidizes hydrocarbon products into carbon dioxide and water, decreasing the selectivity of 
hydrocarbons at high methane conversion. Research efforts shifted direction to removing the 
oxidant in OCM processes as a means of preventing the oxidation of hydrocarbon products in a 
process commonly referred to as non-oxidative coupling of methane (NOCM).10-13 This reaction 
is thermodynamically unfavorable affording very limited conversion of methane. However, due 
to the absence of an oxidant, the selectivities to C2+ hydrocarbons are very high. To overcome 
the thermodynamic limitations in a single-pass reactor, the catalyst could be incorporated in a 
membrane that can selectively remove hydrogen and promote the forward reaction. Another 
highly attractive route for efficient utilization of natural gas involves transformation of methane 
into liquid oxygenates or alcohols.9 Methanol has been studied as a major desired product from 
this reaction because it is a more energy-dense derivative of methane which will significantly 
reduce transportation costs and also because it is a highly desirable precursor to a number of 
commodity chemicals such as formaldehyde and acetic acid9 as well as highly important fuels 
like olefins and gasoline.9 The production of ethanol from methane is also very highly attractive 
because it is even more valuable than methanol as a very important medical solvent as well as a 
highly desired fuel.17-19 Unfortunately, this direct approach of alcohol synthesis from methane is 





1.2 State of the Art of Catalytic Synthesis of Alcohols 
             The conventional route for the catalytic synthesis of methanol utilizes synthesis gas and 
carbon dioxide as the primary feedstock. The synthesis gas used is typically obtained by steam 
reforming of methane at high temperatures over Ni-based catalysts20 or by gasification of coal.21 
The reforming route results in a hydrogen-rich syn-gas which is then converted to methanol. The 
gasification products are usually poor in hydrogen composition; an H2 to CO fraction between 
0.45 and 1 is usually obtained in this process.21 In both cases, the syn-gas product also contains 
CO2, which at low optimum concentration is required for high conversion of syn-gas to 
methanol.22 Processes for the synthesis of methanol are divided into two. The first process is 
performed at low temperature and pressure (250 °C and 5-10 MPa) over copper-based catalysts 
that contain ZnO and an oxide support e.g. Cu/ZnO/Al2O3 or Cu/ZnO/Cr2O3. The other process 
is performed at high temperature and pressure (400 °C and 10-20 MPa) over copper-free 
catalysts that comprises of zinc oxide and chromite (ZnO/Cr2O3).22-24 The reaction occurs by 
sequential hydrogenation of CO or CO2. 
 Following the synthesis of methanol from syn-gas, intensive research centered on the 
development of catalysts and processes for shifting the synthesis away from solely methanol and 
into higher alcohols particularly C2-C4 alcohols. ZnO/Cr2O3 catalysts promoted by alkali were 
used in certain processes to produce a mixture of higher alcohols. These processes however, 
were very non-selective and formed large amounts of hydrocarbons.22 The catalysts were later 
improved by using a heavy alkali ion dopant and higher alcohol selectivity and yields were 
obtained.25-27 In general, these processes are performed at temperatures around 400 oC and 
pressures around 10 MPa. It was later found that low temperature copper-based, zinc oxide-
containing catalysts promoted by heavy alkali were more active and selective than the copper-
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free catalysts for higher alcohols synthesis forming primarily C2 to C4 alcohols in addition to 
methanol.28-30 The proposed routes for C-C bond formation include methanol and CO 
homologation and CO insertion into metal-carbon bonds. More recently, ethanol formation from 
methanol and syngas was also reported over Cu/SiO2 catalysts at atmospheric pressure.31 While 
these processes are promising, they are only applicable with conventional feedstocks and hence 
alcohol synthesis directly from methane is still desirable for utilizing unconventional feedstocks. 
1.3 Strategy for Improved Catalytic Systems for Methane Activation and Conversion to 
useful Fuels and Chemicals 
       The activation of methane for upgrading into target products presents scientific difficulties. 
Due to the perfect symmetry of methane, it is the least reactive of all hydrocarbons, with very 
high C-H bond energies of 438.8 kJ/mol.9 Energy intensive conditions that can be used to 
overcome this activation limitation, often lead to deeper activation of methane in which all the C-
H bonds are destroyed. Selectively activating methane is therefore an intrinsically difficult 
problem in catalysis, requiring both highly active and highly selective catalytic systems. Methane 
monooxygenase in methanotrophic bacteria catalyzes the selective oxidation of methane to 
methanol under ambient conditions.32 Inspired by methane monooxygenases, supported 
phthalocyanine complexes of Fe, Cu and Co have been investigated as a means of mimicking the 
chemistry of these enzymes.33-35 A major setback with these systems is that the reaction did not 
occur in a conventional catalytic cycle, in which all elementary reactions occur under the same 
conditions.   
 In other studies, strong Lewis acidic sites were suggested as a means of activating 
methane at rather mild conditions (100-150 °C) to form surface methyl groups.36-37 These highly 
reactive Lewis acid sites are formed when alumina is calcined at high temperature. In this case, 
6 
	
the methyl groups that were formed remained on the surface rather than engaging in any catalytic 
turnovers. Nevertheless, this illustrates the potential of Lewis acid sites as parts of a bifunctional 
catalysts.  
 Steam methane reforming is the method most widely utilized by industry to activate 
methane and produce syngas. Ceria-zirconia mixed oxides have been heavily explored for this 
process on account of their improved redox properties. Due to their high oxygen storage capacity 
with rapid formation and elimination of oxygen vacancies, much research focus has been 
dedicated to ceria and ceria-zirconia systems as oxygen carriers in steam methane reforming.38 
The role of zirconia is to enhance both surface and bulk oxygen mobility and reactivity.38 In 
addition to this strong redox capability of ceria-zirconia, it can also efficiently activate oxygen 
through a so-called multiple exchange mechanism.39 These abilities make ceria-zirconia a very 
effective oxidation catalyst. Ceria-zirconia oxides also typically serves as active supports for 
group 8, 9 and 10 metal nanoparticles, which are catalytically active for the activation of 
methane.38  The combination of highly redox material for oxidation and components for methane 
activation, which could be Lewis acidic clusters of group 8, 9 and 10 metal oxides should 
therefore provide a very efficient material for the conversion of methane into useful chemicals 
and fuels. 
1.4 Biomass as an Alternative Source for Energy and Chemical Production 
Crude oil which is currently the major source of energy is a finite resource. Based on the 
current rate of consumption of crude oil and progressively increasing demand, it is expected to 
be depleted in 40 years.40 As a result, alternative and renewable sources for energy is a big area 
of research. Biomass energy is a large renewable source with the potential of making a 
significant contribution to the continued supply of energy after the depletion of fossil fuel 
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sources. Currently, biomass energy contributes 10-14% (Figure 1.2)41 of the world primary 
energy, including about 3% of energy for transportation around the world. It also has the 
potential to contribute up to 30-40% in 2050, by tapping the large volumes of unused residues 
and wastes.41 Sources of biomass that could play a major role in this expansion include 
conventional crops with careful consideration of land availability and food demand. In the 
medium term, lignocellulosic crops could be produced which could provide the bulk of the 
biomass resource. In longer term, aquatic biomass could also contribute significantly.41 Many 
countries, developed and developing, have promoted the generation of energy from biomass by 
providing financial incentives and instrumented policies.  
 
Figure 1.2 Share of bioenergy in the world primary energy mix.41 
Several routes exist which can be used to convert biomass feedstock into a final energy 
product. Several technologies have been developed based on the different physical and chemical 
composition of the biomass feedstock, and to the energy service required which are typically 
heat, power of transport fuel. The direct combustion of biomass for the production of heat is one 
of the major application of bioenergy throughout the world. This application is also often cost-
8 
	
competitive with fossil fuel alternatives.41 Different technologies are in place or are under 
development for the production of electricity from biomass. Co-combustion in coal-based power 
plants is the most cost-effective use of biomass for power generation. Biomass conversion plants, 
including municipal solid wastes (MSW) combustion plants, are already in successful operation 
on a commercial scale. Other processes for the conversion of biomass includes gasification in 
which syngas can be produced from biomass, pyrolysis which produces bio-oils, and hydrolysis 
to produce sugar monomers.41 Ultimately, the production of bioenergy will progressively 
increase in bio-refineries where transport biofuels, power, heat, chemicals and other marketable 
products could all be produced simultaneously from a mixture of biomass feedstocks. 
In the conversion of biomass, gases are typically the main products which could then 
undergo further processing. However, liquids and solids are also products from biomass 
conversion. Different parameters such as temperature, heating rate and residence time define the 
distribution of different types of products during thermochemical treatment.42 Conditions such as 
short residence times, fast heating rates and moderate temperatures (fast pyrolysis) usually lead 
to the production of bio-oils.43 Solid fuel and char production are favored in slow pyrolysis. Bio-
oil production from biomass in fast pyrolysis has emerged as the more attractive option due to 
their high selectivities of up to 70%.43 Bio-oil are typically very viscous with low volatility and 
heating value which makes them poor fuels. They are also corrosive and polymerizes with time. 
This is all due to the high oxygen content of bio-oils typically around 35-40%.44 Upgrading of 
bio-oils to bio-fuels is therefore required to eliminate oxygenated groups and improve the 
thermal and chemical stabilities, heating values, and volatility of bio-oils. Hydrodeoxygenation 
(HDO), in which excess hydrogen is used to remove oxygenated functional groups from bio-oils 
in the form of water, is an evolving technology for the upgrading of bio-oils.45 
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1.5 Limitations of Hydrodeoxygenation Processes 
Although HDO is a very attractive process for upgrading bio-oils, because it requires rather 
moderate temperatures and pressures, it also has some limitations. The design and selection of an 
effective catalyst for performing the reaction has proven to be non-trivial. Since HDO is a very 
similar process to hydrodenitrogenation (HDN) and hydrodesulphurization (HDS), early work 
studied sulfided NiMo and CoMo catalysts for HDO because they showed high activity for HDN 
and HDS.46 However, they showed very limited activity for HDO. Also, hydrogen sulfide which 
is very toxic, must be added into the feedstock to maintain their activity. Several other catalysts 
have been investigated as a means to overcome the problems presented by HDN and HDS 
catalysts. Many supported metal catalysts and bimetallic catalysts were tested and displayed 
activity in HDO reaction.47-48 However, these catalysts require a very high hydrogen pressure. 
Subsequently, metal-impregnated zeolite catalysts were investigated for HDO reactions because 
of its strong acidity, crystalline structure and uniform pore size, and showed very good activity 
under atmospheric pressure.49 Jones et al reported high reactivity for HDO of phenol over Pt/HY, 
Pt/HBEA and Pt/HZSM-5.50 Resasco et al reported higher catalytic activity of bifunctional 
Pt/HBEA than monofunctional Pt/SiO2 and HBEA for HDO of anisole.51 Horacek et al used 
Pt/HBEA for HDO of model compounds of bio-oil.52 The authors reported that HBEA exhibited 
a particularly high catalytic activity for HDO of large bio-oil compounds because of its large 
pores comprising of 12 rings. Lee et al. reported that the acidity of the zeolite support affected 
the catalytic activity of a bifunctional Rh catalyst for HDO of guaiacol.53 The authors showed in 




Although, major insights have been presented for optimizing HDO catalysts, a major 
problem that still exists in HDO catalysis is deactivation. Catalyst deactivation typically occur 
through poisoning by nitrogen species or water, sintering of the catalyst, deposition of metal 
(specifically alkali metals) or coking.54 The extent of these different pathways for catalyst 
deactivation is dependent on the catalyst in use, but carbon deposition has proven to be a general 
problem and the most significant pathway for catalyst deactivation.54-55 Coke is principally 
formed on HDO catalysts through polymerization and polycondensation on the catalyst surface, 
forming polyaromatic species. These polyaromatic species block the active sites on the catalyst.55 
Coke formation increases with increasing acidity of the catalyst (both Lewis and Brønsted acid 
sites. The Lewis acid sites bind species to the catalyst while the Brønsted sites donate protons to 
the compounds to form carbocations which are believed to be responsible for coking.55 This 
constitute a problem since acid sites are part of a bifunctional catalyst for HDO reactions.  
1.6 Objectives and Organization 
The overall objective of this work is to develop and optimize a catalyst for the efficient 
utilization of unconventional natural gas resources as well as provide insight on the pathways of 
deactivation of highly active zeolite catalyst during Hydrodeoxygenation of bio-oils. The 
development of an efficient catalyst for the conversion of stranded methane resource will have 
both an economic and environmental impact. Currently natural gas associated with oil during 
petroleum drilling are often vented and flared. This is not only a waste of a valuable resource, 
but methane and CO2 emissions contribute to greenhouse gases. Understanding the pathway for 
catalyst deactivation during HDO reactions will be essential to further optimize the existing 
processes and will provide insight to enable the rational design of the new generation of catalysts 
for upgrading bio-oils. 
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In Chapter 2, a catalyst comprising of nickel oxide and ceria zirconia (NiO/CZ) was 
developed and used for activating methane and converting methane to higher hydrocarbons and 
aromatics at low temperatures not exceeding 500 °C and under a non-oxidative environment. 
Due to the thermodynamic constraints of this reaction, the conversion of methane is highly 
limited at low temperatures. However, this catalyst shows great potential for industrial 
application for the conversion of methane into higher hydrocarbons and aromatics if the catalysts 
are incorporated into membranes that can selectively remove hydrogen and drive the 
thermodynamic reaction in the forward direction to improve methane conversion. 
In Chapter 3, the thermodynamic limitations were eliminated and the production of 
oxygenates was facilitated on the same catalyst (NiO/CZ). Steam was used to facilitate the 
hydrolysis of surface groups that form on the catalyst upon the activation of methane and oxygen 
was co-fed to convert surface hydrogen to water providing a thermodynamic driving force. In 
addition to alcohols, carbon dioxide and hydrogen and small amounts of aromatics are formed as 
by-products. Importantly, the formation of alcohols occurs at 450 °C in steady state with a 
turnover frequency of at least 50 h-1. This is a significant improvement from previous studies, in 
which a high-temperature calcination step was required for every turnover. 
In Chapter 4, the effect of preparation methods on the performance of NiO/CZ towards the 
production of alcohols was studied. Strong electrostatic adsorption (SEA) which was used as an 
alternative synthesis technique led to strong metal support interaction which reduces the 
agglomeration of NiO during calcination. This in turn led to a catalyst with more highly 
dispersed NiO clusters and improved reactivity than the catalyst prepared using traditional 
impregnation. Co-precipitation was also used as another unique synthesis technique which after 
optimizing the amount of nickel loading, presented a catalyst will improved methane reactivity. 
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In Chapter 5, the effect of strongly adsorbed “roadblocks” on zeolitic catalysts during HDO 
of bio-oils was studied. In this study, catecholate “roadblocks” were deliberately introduced into 
the catalyst. Physicochemical characterization and reactivity studies were then performed on the 
catalysts with roadblocks as a means of gaining insight on the effect of “roadblocks” as a 


















NON-OXIDATIVE COUPLING OF METHANE TO ETHANE, ETHYLENE AND 
AROMATICS OVER NICKEL ON CERIA-ZIRCONIA 
2.1 Background 
The world is continuing its reliance on raw hydrocarbon feedstock supply, especially with the 
discovery of increasingly abundant sources of natural gas in shale and offshore gas fields. 
Methane, which is the main constituent of natural gas, is therefore an excellent raw material for 
the production of fuels and chemicals.3, 56-70  
Methane is a very stable molecule with four equivalent C-H bonds, which each have bond 
energies of 438.8 kJ/mol each.9 The C-H bonds in methane are stronger than the ones in the 
possible products (hydrocarbons or oxygenates), which means that the products will be more 
reactive than methane.9 Consequently, controlling the selectivity of methane conversion is a 
much bigger challenge than achieving high reactivity. Also, kinetics constraints on the reaction, 
in which all four C-H bonds of methane are destroyed, such as methane reforming into synthesis 
gas or methane decomposition into carbon and hydrogen, are much easier to overcome than the 
reactions in which only one or two of the C-H bonds are broken under either oxidative or non-
oxidative conditions.13 This has significantly hindered major breakthroughs in research efforts on 
the direct conversion of methane. The most challenging problems associated with the direct 
conversion of methane arise from both kinetics and thermodynamics. High temperatures are 
required for activating methane, and at such conditions, radical reactions in the gas phase in 
which methane is completely oxidized to syngas and carbon dioxide are dominating.3   
The use of methane as a feedstock has been extensively studied.3, 56-70 Several different 
processes based on catalysis and reaction engineering have been proposed and reported which 
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can be grouped into two. The first one consists of indirect routes, in which methane is reformed 
into synthesis gas, which is further converted into useful chemicals and fuels like alkanes and 
oxygenates.3, 56-58 The second type of process involves a direct conversion of methane into C2 
hydrocarbons and oxygenates without the production of syn-gas as an isolated intermediate.9, 59, 
65-66, 70  Today, all large-scale commercial processes for natural gas conversion are performed 
through the indirect route.3, 56, 58, 65, 68 Some of the large volume products from synthesis gas are 
methanol and longer chain hydrocarbons, which are produced through Fischer-Tropsch 
synthesis.71-72 Over the past years, several commercial plants for Fischer-Tropsch synthesis 
(FTS) were built.73 While this approach is in principle feasible for upgrading methane, of the 
initial methane reforming step is extremely energy intensive and  FTS plants require large capital 
investment and a significant scale to be economically viable.71 In particular, this limits the 
utilization of remote and inconveniently located natural gas fields, which accounts for a 
significant percentage of the world’s reserve, as previously mentioned.  
A great amount of incentive therefore still exists to develop processes for direct conversion 
of methane to value-added products without synthesis gas as an intermediate. For a direct 
conversion of methane to higher hydrocarbons, two main reaction pathways have been 
considered in the literature which are done either in the presence or absence of an oxidant. The 
earlier which is done in the presence of an oxidant and commonly referred to as oxidative 
coupling of methane (OCM) was highly investigated in the mid-1980s to the mid-1990s.13, 74 
This reaction, although thermodynamically favorable, suffers from selectivity issues. No catalyst 
has been able to reach a C2+ yield higher than 25% and selectivity to C2+ higher than 80%, which 
are the descriptors for industrial application of OCM.13 Over-oxidation of methane to syngas and 
CO2 is responsible for low selectivity to C2+. Research effort therefore shifted gears to 
15 
	
investigate the production of higher hydrocarbons from methane in the absence of oxygen. The 
so called non-oxidative coupling of methane (NOCM) is being investigated as a means to this 
end.10, 12, 75-77 This reaction pathway shows great promise because oxidizers are absent, hence, 
high selectivities to products can potentially be attained. However, due to the absence of an 
oxidant, this reaction suffers greatly from thermodynamics showing enormously positive Gibbs 
free energy and in turn affording limited conversions of methane.  
 Various attempts to accomplish the NOCM reaction used classical and ill-defined 
heterogeneous catalysts in multistep processes: (i) methane dissociation on Ru or Pt particles by 
chemisorption (and stepwise surface carbon-carbon bond formation) and (ii) liberation of 
products by hydrogenation.12, 76 Due to the thermodynamic constraints of NOCM, a number of 
researchers used very high temperatures (> 800 °C) to perform a direct conversion of methane to 
higher alkanes and aromatics.10, 75 Isolated iron sites embedded in a silica matrix10 and 
molybdenum oxide nanostructures in zeolites75 were found to be the active sites for this reaction. 
However, the energy requirements for such processes are substantial, and it is challenging to 
avoid agglomeration of a highly dispersed active phase at such high temperatures.  Another study 
demonstrated a direct coupling of methane into ethane at low temperatures up to its 
thermodynamic limit using silica-supported tantalum hydride.77 In this study, the authors 
proposed a mechanism that involves a C-H bond activation of methane over Ta-H followed by 
dehydrogenation of –CH3 to =CH2 and ≡CH.77 It was proposed that both carbene and carbyne 
species are able to activate another molecule of methane by a σ-bond metathesis process,78 which 
leads to the formation of a methyl-methylidene intermediate. Finally, a migratory insertion of the 
methyl group onto the carbene ligand as shown by a previous study,79 leads to the formation of 
ethyl groups. This ethyl groups can then be displaced by methane via σ-bond metathesis, 
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releasing ethane and consequently forming another methyl group.  The catalyst was prepared by 
a grafting technique under H2 treatment at 250 °C. This synthesis technique is rather complex. 
The complexity of synthesis coupled with the unpredictable trend in tantalum price,80 makes this 
material not very desirable for the preparation of industrial catalysts. Moreover, a steady decline 
in methane conversion was observed affording only a limited turnover number. Therefore, the 
development of a catalyst with commercial viability for non-oxidative coupling of methane still 
presents major opportunities. The thermodynamic constraints can be addressed from a process 
improvement in which the catalyst is incorporated in a membrane reactor that can selectively 
remove hydrogen under reasonable reaction conditions in which the membranes are stable. Some 
research efforts have already been invested in this direction.12, 81 
Catalysts comprising of nickel particles on doped ceria support have been extensively used in 
the literature for the purpose of methane activation and reforming reactions.38, 82-84 This is 
because ceria-zirconia serves as active supports for group 8, 9 and 10 metal nanoparticles.38 
These metal nanoparticles in turn act as catalytically active phase for the activation of C-H bonds 
of hydrocarbons.38 A study that tested for the effect of ceria to zirconia ratio on the performance 
of Ni/CexZr1-xO2 towards methane steam reforming revealed that higher thermal stability, higher 
redox properties and smaller Ni crystallite size were some of the important descriptors for the 
catalyst performance towards methane conversion.85 
In this study, nickel oxide supported on ceria-zirconia was used for methane activation and 
subsequent coupling to higher hydrocarbons and aromatics at temperatures not exceeding 500 
˚C. A continuous production of ethane up to its thermodynamic limit was observed over 2 wt.% 






 Cerium (III) nitrate hexahydrate (99% trace metals basis), zirconyl (IV) oxynitrate 
hydrate (99% trace metals basis), nickel (II) nitrate hexahydrate, and ammonium hydroxide 
(A.C.S. regent grade, 28–30% NH3content) were purchased from Sigma Aldrich. Silica (99.8% 
purity) was purchased from Sigma Aldrich. Gases (methane, nitrogen, carbon monoxide, and 
hydrogen) with ultra-high purity (UHP Grade 5) were purchased from Airgas. Dry air for 
calcination was generated in our labs using a Parker Balston Gas Generator 1000. Deionized 
water was obtained from a Barnstead NANOpure ultrapure water system which was purified to 
18.2 MΩ/cm. 
2.2.2 Catalyst Synthesis 
The ceria zirconia support was prepared by coprecipitation of the precursors of ceria and 
zirconia.86-87 Cerium nitrate hexahydrate and zirconyl nitrate hydrate were dissolved in deionized 
water to form a 0.1 M solution. The coprecipitation was modified by adding the 0.1 M precursor 
solution drop-wise to an aqueous ammonium hydroxide solution while stirring continuously. The 
precipitate was then filtered, rinsed with deionized water, and dried in an oven overnight at 373 
K. The catalyst was then calcined for 4 h in 200 mL/min zero grade air at 450 oC with a ramp 
rate of 5 oC/min. The co-precipitation material was comprised of Ce (0.83) and Zr (0.17) as 
determined by ICP-OES and is referred to as CZ in this thesis. Nickel oxide clusters was 
deposited on the CZ support using conventional dry impregnation or pore volume 
impregnation.88 The metal content chosen was 2 wt.%. For this purpose, the nickel precursor was 
dissolved in deionized water equal to the pore volume of the ceria zirconia support, as 
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determined by nitrogen physisorption. The resulting solution was added dropwise to the support 
and collected in a beaker at room temperature. It was mixed thoroughly for 30 minutes, dried at 
100 oC for 5 h and then calcined for 4 h at 450 oC with a ramp rate of 10 oC/min.  
2.2.3 Catalyst characterization 
Nitrogen physisorption measurements of the prepared samples were taken using a 
Micromeritics ASAP 2020 physisorption analyzer. The catalysts were degassed at 200 oC for 4 h 
prior to measurement. Surface areas and pore volumes were calculated based on the BET 
method89 and BJH method90, respectively.  
To determine the amount of ceria, zirconia, and nickel on the catalyst, ceria zirconia and NiO on 
ceria zirconia were sent to Galbraith Laboratories for inductively coupled plasma-atomic 
emission spectroscopy (ICP-AES) analysis.  
X-ray diffraction patterns were obtained using a Phillips X’Pert diffractometer equipped with an 
X’celerator module using Cu Kα radiation. Diffractograms were collected at incident angles 
from 2θ = 5 to 90° with a step size of 0.0167°.  
Pyridine adsorption followed by FTIR spectroscopy was performed using a Nicolet 8700 FTIR 
spectrometer with an MCT/A detector. Each spectrum was recorded with 64 scans at a resolution 
of 4 cm-1. Each sample was pressed into a translucent self-supported wafer and loaded into a 
vacuum FTIR transmission cell. The sample was activated at 450 oC for 1 h under high vacuum 
and cooled to 150 oC. A background spectrum was taken. The chamber was dosed with 0.10 
mbar of pyridine for 30 mins or until adsorption equilibrium of pyridine was reached. 
Subsequently, the cell was evacuated for 1 h to remove physisorbed pyridine and a spectrum was 
taken. To determine the strength of acid sites, the sample was heated to 250 oC, 350 oC and 450 
oC for 1 h, and a spectrum was taken at 150 oC. After each experiment, the density of the wafer 
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was determined by using a circular stamp of 6.35 mm to cut a disc of specific size from the 
wafer. The concentration of Lewis and Brønsted acid sites were determined by the Beer-Lambert 
law using the integral of the peaks at 1445 cm-1 and 1540 cm-1, respectively. Extinction 
coefficients were used as reported by Tamura et al.91  
In-situ XANES Ce L3-edge and Ni K-edge were collected at beamline 9-BM-C at the Advanced 
Photon Source of Argonne National Laboratories (Proposal GUP-43235). A Si(1 1 1) double 
monochromator was used to select the beam energy for all measurements.  The beam size was 
800 x 1000 µm. Samples were pressed into wafers and placed in a cubic reactor. The beam was 
internally calibrated with a metallic cerium reference foil for Ce L3-edge and a metallic nickel 
reference foil for Ni K-edge. Spectra were then collected in fluorescence mode. A spectrum was 
first taken of each of the fresh samples. The samples were then activated in helium at 450 oC for 
1 h in the cubic reactor while continuously taking spectra. The gas was then switched to 5% 
methane and balance helium and spectra were taken continuously. Separate experiments were 
performed under the same conditions for both Ce L3-edge and Ni K-edge.  
In-situ XANES experiments with steam were performed in the same reactor and at the same 
conditions. Helium was used to bubble steam into the reactor while continuous XANES spectra 
were taken at the Ni K-edge.  
XPS measurements were performed with a Physical Electronics Quantera Scanning X-ray 
Microprobe. This system uses a focused monochromatic Al Kα X-ray (1486.7 eV) source for 
excitation and a spherical section analyzer. The instrument has a 32 element multichannel 
detection system. The 83 W X-ray beam focused to 100 µm diameter was rastered over a 1.1 mm 
x 0.1 mm rectangle on the sample was used for the analysis. The X-ray beam is incident normal 
to the sample and the photoelectron detector is at 45° off-normal. High energy resolution spectra 
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were collected using a pass-energy of 69.0 eV with a step size of 0.125 eV. For the Ag 3d5/2 
line, these conditions produced a FWHM of 1.07 eV. The sample experienced variable degrees 
of charging. Low energy electrons at ~1 eV, 20µA and low energy Ar+ ions were used to 
minimize this charging. The 2 wt. % NiO/CZ catalyst powders were pressed into 4 mm x 1 mm 
diameter holes machined into a custom 13 mm diameter SS sample stub designed for use with a 
custom modified ULVAC PHI XPS sample platen. The custom sample platen and sample stub 
including the fresh catalysts were placed into the XPS vacuum introduction system and pumped 
to <1x10-7 Torr using a turbomolecular vacuum pumping system prior to introduction into the 
XPS spectrometer ultrahigh vacuum system. The spectrometer vacuum system pressure was 
maintained at <1x10-9 Torr during analysis and pumped using a series of sputter ion and 
turbomolecular vacuum pumps. After XPS analysis of the fresh catalysts, the sample stub was 
transferred to an attached catalytic reaction side chamber also pumped by a series of sputter ion 
and turbomolecular vacuum pumps. The sample stub was then transferred from the catalytic side 
chamber into an attached high vacuum tube furnace. The pressure of the tube furnace was 
increased ~760 Torr using 5% methane/He at a flow rate of 100 SCCM. The catalyst was heated 
to 450 oC at a rate of 10 oC/minute and held for 1 hour. This procedure was repeated with a wait 
time of 4 hours at 450 oC in 5% methane/He flow. After the catalyst was cooled to room 
temperature, the gas was quickly removed using a turbomolecular vacuum pump attached to the 
tube furnace. The stub was then transferred into the UVH catalytic chamber and then into the 
XPS spectrometer vacuum for analysis. 
Quantification was performed using standard sensitivity factors contained in the ULVAC-PHI, 
Inc. MultiPak V9.5.0.8 version date of 10-30-2013 software. Peak area intensities required for 
quantification were calculated after applying a Shirley background subtraction. These 
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quantification results include the instrument transmission function, source angle, and asymmetry 
corrections. Typical XPS analysis depth for ceria based materials using inelastic mean free path 
calculation is up to 3 nm depending on the kinetic energy of the detected electron.92 The majority 
of the electrons detected are coming from the first atomic layer. 
EDX map was collected with a Scanning Transmission electron microscopy (STEM) (FEI Titan 
80-300). The FEI Titan is equipped with CEOS GmbH double-hexapole aberration corrector for 
the probe-forming lens, which allows imaging with sub Angstrom resolution in STEM mode. 
EDX mapping was performed with FEI ChemiSTEMR, which comprise of four symmetrically 
arranged windowless silicon drift detectors (SDD) with solid angle of ~0.8 sr. Acquisition and 
evaluation of the spectra was performed with Bruker Espirit software package. In general, the 
STEM sample preparation involved mounting powder samples on copper grids covered with 
lacey carbon support films, and then immediately loading them into the STEM airlock to 
minimize an exposure to atmospheric O2.. 
The carbon loading on the spent catalysts was determined using a TA instruments SDT Q600 
TGA. An empty alumina crucible was used to tare the TGA before each analysis. Individual 
samples were then loaded on the crucible and put in the TGA for analysis. The samples were 
ramped to 800 oC at 20 oC/min in a 100 mL/min flow of dry air. Spent catalysts were also sent to 
Atlantic Microlab for CHN analysis. Raman spectroscopy was also performed on the spent 
catalysts. For this purpose, the samples were loaded on microscope slides. The microscope was 
then focused on the sample region of interest at 20x resolution. Using a WITEC spectrometer 
with a 532 nm laser, the structural fingerprint of the samples were measured to determine the 
molecules present. Three individual measurements were then taken with an integration time of 
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10 seconds each which were averaged. A smooth function was used to remove noise and/or 
interference.   
2.2.4 In-situ IR Spectroscopic Studies on Surface Reactions of Methane 
Methane activation over ceria zirconia and nickel oxide supported on ceria zirconia was 
investigated by in-situ FTIR spectroscopy. The catalysts were pressed into self-supported wafers 
and introduced to a custom made high vacuum cell with ZnSe windows. A cryogenic pump and a 
turbo pump were used to evacuate the cell to 10-6 mbar. Each wafer was activated in high 
vacuum at 450 oC for 1 h and cooled to 50 oC. Then, it was exposed to 530 mbar of CH4 for 1 h. 
The methane in the cell was then removed with the cryogenic pump, and a spectrum was 
collected immediately. The wafer was also contacted with methane at 100 oC, 150 oC, 200 oC 
and 250 oC following the same procedure as used at 50 oC. After the experiments, the cell was 
evacuated for 3 h at 250 oC and spectra were collected. 
2.2.5 In-Situ FTIR Spectroscopic Study during Reaction with Methane at 450 oC over 
NiO/CZ 
50 mg of the catalyst was pressed into a circular self-supported wafer with a diameter of 
2 cm. The wafer was loaded into the sample holder, and it was assembled as part of the FTIR cell 
together with the cell body and heating block. The cell was built based on a design reported in 
the literature.93 The assembled FTIR cell was placed into a Nicolet 8700 FTIR spectrometer. 
Each spectrum was recorded with 64 scans at a frequency of one per minute for 8 h during 
exposure to 10% methane and balance inert at 25 ccm total flow rate (to make up a space 
velocity of 3000 h-1) at 450 oC and atmospheric pressure. The effluent line was connected to a 
Hiden HPR-20 QIC mass spectrometer to monitor the signal of the product stream over time. 
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2.2.6 Reactivity Studies 
Reactivity experiments for the non-oxidative coupling of methane were performed in a 
packed bed reactor. The studies were performed using 200 mg of catalyst sieved to 75 µm. 
Catalyst samples were activated in-situ at 450 oC in nitrogen for an hour prior to reactivity 
studies. A space velocity of 3000 h-1 of reactant gas diluted in nitrogen (5% methane) was 
employed. A 100 ccm total flow rate of gas was used. The reactor was connected to an online 
Bruker 450-GC refinery gas analyzer (RGA) and a Hiden HPR20 mass spectrometer. The RGA 
is equipped with two TCD detectors and a FID. One TCD is used for analysis of hydrogen and 
the second for analysis of permanent gas mixtures (including methane). The FID channel allows 
for identification of methane and higher hydrocarbons. The TCD for hydrogen gas analysis uses 
a Molsieve 5A column while the TCD for permanent gas analysis uses a Molsieve 13x and 
Hayseep Q columns in series. The column to the FID is a BR-1. The GC was calibrated for all 
reactant and product gases by flowing 3-4 known amounts of the gas in question at the same 
temperature used in the reaction and monitoring the peak areas. Product gas was sampled at 20 
minutes intervals using the RGA. The following definitions were used: 
Conversion: 𝑋" % = 	
&'(),+,	-	&'(),./0
&'(),+,
 x 100 
C Product Selectivity: 𝑌2	 % = 	
34	.		&4,./0
&'(),+,-	&'(),./0
 x 100 
H2 yield: [%] = 
&(6,./0
7.&'(),+,
 x 100 





2.3 Results and Discussion 
2.3.1 Structural and Textural Properties of the Catalysts 
The fraction of ceria and zirconia as determined by ICP-OES (Table 2.1) were 0.83 and 
0.17 respectively. The actual content of nickel on ceria-zirconia (NiO/CZ) as determined by ICP-
OES was 1.96 wt.% which is very close to the nominal value. 






















Ce0.83Zr0.17O2 CZ N/A 85 66 0.097 3 N/A 
NiO/Ce0.83Zr0.17O2 NiO/CZ 1.96 78 69 0.098 80 0.26 
a Elemental analysis determined from ICP-OES at Galbraith laboratories 
b Calculated from N2 physisorption data using the BET equation 
c Calculated from N2 physisorption BJH adsorption data 
d Calculated from N2 physisorption BJH desorption cumulative pore volume  
e Determined by pyridine adsorption followed by FTIR spectroscopy 
f Dispersion of metal oxide on CZ determined from pyridine adsorption on Lewis acidic metal 
oxide followed by FTIR spectroscopy 
The X-ray diffraction pattern of ceria-zirconia and nickel oxide supported on ceria-
zirconia contained four prominent diffraction peaks associated with the (111), (200), (220), and 
(311) planes (Figure 2.1).94-98 As in our previous work, all peaks in the diffractogram were 
attributed to the cubic fluorite phase of ceria-zirconia, indicating that no crystalline impurities 
were present.87, 99  The narrowness of the peaks of ceria-zirconia indicates that the ceria-zirconia 
is a solid solution, not separate ceria and zirconia-rich phases. No peaks representative of the 
additional metal oxides were seen on the XRD patterns of the supported metal oxide catalysts. 
This means that the nickel oxide clusters on ceria-zirconia were very small and well dispersed. 
The crystallite sizes calculated by the Scherrer equation were approximately 8 nm for pure CZ as 
well as NiO/CZ.  The concentration of Lewis acid sites (LAS) on CZ as determined by pyridine 
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adsorption followed by FTIR spectroscopy was very low (2.9 µmol.g-1), whereas a concentration 
of 80 µmol.g-1 was observed  for the catalyst with additional nickel oxide clusters, indicating that 
the nickel oxide clusters are Lewis acidic.100 The characteristic band of pyridinium ions 
protonated on Brønsted acid sites was not observed for either sample. 
   
Figure 2.1 XRD patterns of ceria-zirconia based catalysts   
The EDX maps of NiO/CZ revealed small and well dispersed NiO particles on ceria-
zirconia (Figure 2.2). Specifically, NiO mainly exists as clusters below the detection limit of ~2-
3 nm. The size of smaller particles cannot be determined reliably due the limitated stability of 
NiO clusters under high electron beam currents of modern EDX detectors. Nevertheless, the 
apparent uniform distribution of Ni signals indicates well-dispersed NiO particles on the entire 
surface of the ceria-zirconia support, indicating that NiO clusters may be significantly smaller 
and that cluster containing only a few Ni atoms may be present. In addition to the small particles 
of NiO, some larger particles up to 10 nm were observed. It is suggested that ceria stabilizes very 
small, well-dispersed nickel oxide clusters, which are capable of activating methane.100 Previous 



















studies showed that pure ceria can stabilize similar non-metallic Pt and Au species, which are 
very active for water-gas shift reactions.101  
 
Figure 2.2 EDX maps of 2 wt.% NiO/CZ and spectra showing ionization peaks corresponding to 
different elements. 
2.3.2 Reactivity towards Non-Oxidative Coupling of Methane 
Previous studies showed that methane can be activated over NiO/CZ to form surface methyl 
groups which can be further coupled to higher alkyl groups on the surface.102 Based on this, it 
was hypothesized that higher hydrocarbons could be formed from methane over this catalyst. It 
was observed that these surface alkyl groups formed on NiO/CZ can be removed in high vacuum 







































temperatures. However, the formation of higher alkanes (e.g., ethane) is thermodynamically 
limited (Table 2.2).  
  After activation in nitrogen, the conversion of methane at 350 – 500 °C initially increased 
with increasing time on stream. At 450 and 500 °C it reached a maximum at 0.6% and 1.2%, 
respectively (Figure 2.3a). The conversion then declined and approached the thermodynamic 
limit for the conversion of methane to ethane (Table 2.2). Specifically, the conversions of 
methane after 480 min at 500 oC, 450 oC and 350 oC were 0.39 ± 0.01%, 0.26 ± 0.04% and 0.11 
± 0.02%, respectively, which is slightly lower than the equilibrium conversion for the reaction of 
methane to ethane.   
Table 2.2 Thermodynamic data for gas phase non-oxidative methane reactions. 













2CH4 ↔ C2H6 + H2 76 77 78  0.13 0.32 0.45 
2CH4 ↔ C2H4 + 2H2 137 126 121  0.00026 0.0038 0.011 
2CH4 ↔ C2H2 + 3H2 241 220 209  8.59E-09 1.30E-06 9.83E-06 
CH4 ↔ C + 2H2 26 18 14  6 13 20 
6CH4 ↔ C6H6 + 9H2 335 303 288  1.83E-12 2.18E-11 3.78E-10 
6CH4 + 4.5O2 ↔ C6H6 + 9H2O -1592 -1583 -1579  100 100 100 
XCH4 represents equilibrium conversion of methane 
The increase in methane conversion at the beginning is probably due to activation of the 
catalyst by reduction of big NiO particles to metallic Ni (vide infra). The maximum of methane 
conversion in the earlier stages of the reactions at 450 and 500 °C is attributed to conversion of 
methane into carbonaceous deposits, which were quantified based on the carbon balance (Figure 
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2.3 b-d). The yield of hydrogen also went through a maximum in a similar fashion as the 
conversion of methane (Figure 2.3e), indicating that dehydrogenation of methane occurred as 
part of the formation of solid carbonaceous deposits (Table 2.2 Line 4). Several studies have 
suggested the formation of carbon nanotubes/nanofibers by methane dehydrogenation over Ni 
based catalysts around 450 ˚C.103-105  Based on the particle size of NiO/Ni, it is suggested that in 
the beginning of the reaction, the formation of the solid carbonaceous deposits can occur on Ni 
particles that are big enough for them to assemble. An aromatic ring has a diameter of 0.45 nm, 
but the minimum domain size for aromatization might be even larger than that.106 The formation 
of aromatic products alongside the carbonaceous deposits is attributed to the coupling of 
methane derivatives during dehydrogenation (Scheme 2.1) coupled with an oxidation reaction to 
provide a thermodynamic driving force (Table 2.2 Lines 5 and 6). The redox active CZ support 
supplies oxygen for this purpose.  
 
Scheme 2.1 Mechanism for the formation of aromatics and coke in methane aromatization.107 
At 350 oC, the conversion of methane did not go through a maximum but continuously 
approached 0.12%, which is the thermodynamic limit for the conversion of methane to ethane in 
the absence of an oxidant (Table 2.2, Line 1). Previous studies showed that the reduction of 
surface ceria in CZ starts around 300 oC,87 but at 350 oC, only a very small fraction of cerium at 
the surface was reduced. Hence, the amount of oxygen released at this temperature was 












selectivity to aromatics at 350 ˚C was very low compared to 450 oC (Figure 2.3c) and 500 ˚C 
(Figure 2.3b) further indicating that reduction of ceria to supply oxygen under methane 
environment is very limited at this temperature.  
The carbon containing products of the reactions at 500 oC, 450 oC and 350 oC were 
ethane, benzene, toluene and traces of ethylene (at 500 oC and 450 oC) and some heavier 
aromatics such as ethylbenzene, styrene, isopropyl benzene and n-propyl benzene. At the start of 
the reaction, aromatics were the main products. The selectivities to these aromatic products 
continuously declined, while the selectivity to ethane increased and reached 81% at 500 oC, 83% 
at 450 oC and 97% at 350 oC, all on a carbon atom basis. The selectivity to ethylene also 
increased during the reaction and reached 4.4% at 500 oC and 1.5% at 450 oC. No ethylene was 
observed at 350 oC. The yields of hydrogen at steady state was higher in the order of 500 oC > 
450 oC > 350 oC, which is expected due to the endothermic nature of dehydrogenation reaction. 
The ratios of ethylene and hydrogen to ethane formed at 450 °C and 500 °C were slightly below 
the ratios expected under thermodynamic control. The decreasing selectivities of ethane coupled 
with an increase in the selectivity of ethylene at higher temperatures indicates that ethane is 
either undergoing a dehydrogenation reaction to form ethylene or that the surface species are 




Figure 2.3 (a) Conversion of methane over NiO/CZ at different temperatures (b) Selectivity of 
carbon products over NiO/CZ at 500 oC (c) 450 oC (d) 350 oC (e) Yields of hydrogen at different 
temperatures  


























































































































































In-situ XANES spectroscopy was used to probe the oxidation states of ceria and nickel 
during 5 h of exposure to methane at 450 °C in the absence of any oxidant (Figure 2.4). No shifts 
of the ceria or nickel edges were observed during activation in nitrogen. The continuous shift of 
the position of the Ce L3 edge to lower energy in the first four hours indicated a reduction of 
some Ce4+ species to Ce3+ (Figure 2.4a). The position and white line intensity at the Ni K edge 
remained unchanged for the first 4 h of exposure to methane, indicating that oxidation state of 
nickel oxide remained approximately constant (Figure 2.4b). Although, big NiO particles seem 
to reduce during this time frame, it is not observed on XANES since only very few of these big 
NiO particles exist. The white line then disappeared within 30 min, and the edge position shifted 
to lower energy, which shows that nickel oxide was reduced to metallic nickel. The combined 
observations from the Ce L3 and Ni K edges indicate that easily reducible ceria at or near the 
surface can supply oxygen to NiO clusters to keep them oxidized until the active oxygen species 
in CZ are depleted.102 During the surface reduction with methane, oxygen atoms are removed 
and steam is formed. Hence, the reduction of ceria and eventually nickel oxide at the initial stage 
of the reaction supplies oxygen, which drives methane aromatization (Table 2.2, Line 6) from 
derivatives of methane dehydrogenated species (Scheme 2.1).  




Figure 2.4 In-situ XANES of NiO/CZ during exposure to methane at 450 oC (a) Ce L3-edge (b) 
Ni K-edge. 
TEM images of spent catalyst revealed the presence of shells and pockets of graphitic 
carbon covering Ni domains around 5 nm and greater (Figure 2.5a). However, these graphitic 
carbon deposits were absent in the parts of the ceria-zirconia matrix where big Ni particles were 
not detected confirming that big Ni particles were responsible for the formation of carbonaceous 
deposits and that small Ni domains were not deactivated by coke throughout the reaction.  
 
 




























































Figure 2.5 (a) TEM of spent NiO/CZ catalyst after reaction with methane at 450 oC for 8 h. (b) 
X-ray photoelectron spectra in the C1s region of NiO/CZ after 4 h of methane exposure at 450 
oC. 
To further confirm different types of carbonaceous deposits, catalysts were analyzed by 
C1s XPS after reacting with methane for 4 h (Figure 2.5b). The XP spectrum showed a C=C 
peak at 284.9 eV indicating that carbon must be deposited in graphitic form.108-109 Another peak 
at 283.9 eV was also observed. The lower C1s binding energy of this carbon material compared 
to that of graphitic carbon suggests that it may be a hydrogen-poor sp-type of pre-graphitic 
carbon.110 No carbon containing oxygen was detected. CHN analysis of the spent catalyst 
revealed that 3.3 wt.%, 4.6 wt.% and 7.6 wt.% of carbon and hydrogen deposits were formed 
during the reactions at 350 oC, 450 oC and 500 oC, respectively, which was in good agreement 
with TPO in a thermogravimetric analyzer (Figure 2.6). The Raman spectra of the spent catalysts 
(Figure 2.6b) showed bands at 1350 and 1590 cm-1 which represents “D” (disorder) and “G” 
(graphite) peaks respectively.111-112 However, these bands were deconvoluted to obtain detailed 
structural information (Figure A.3). The two bands were fitted with four Lorentzian-shaped 
bands (D1, D2, D4 and G) at ν = 1350, 1600, 1210 and 1575 cm-1, respectively and one 
















Gaussian-shaped band (D3) at 1530 cm-1.113-114 These components are assigned as graphene 
edges, graphene sheets, polyenes, graphitic carbon and amorphous carbon respectively. It has 
been suggested that the ratio ID1/(IG + ID1 + ID2) is a measure of the degree of graphitization of 
carbonaceous materials in which I is the integral of the fitted peak.114 The intensity ratio of the 
bands ID1/(IG + ID1 + ID2) increased from 0.67 at 350 °C to 0.71 at 450 °C and 0.73 at 500 °C, 
which shows that the coke became less graphitic with increasing temperature. The amount of 
graphitic carbon deposit increased when the reaction was run at higher temperatures in 
agreement with the CH and TPO results. 
 
Figure 2.6 (a) Amount of carbon deposit on spent catalysts after reaction at different 
temeperatures measured from CHN analysis vs. TPO using TG Analysis (b) Raman spectra of 
spent catalysts after reaction at different temperatures. 
IR spectroscopy was used to elucidate the surface reactions during exposure of NiO/CZ 
to methane at 450 oC (Figure 5.7, Table A.1).  The bands of CH3 (2957 and 2871 cm-1) and CH2 
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change significantly afterwards.115 This shows that methane is readily converted to surface alkyl 
groups over NiO/CZ. While previous studies of methane activation over Lewis acidic γ-Al2O3 
showed the formation of surface methyl groups,116  the observation of bands of CH2 stretching 
vibrations implies that higher alkyl groups were present on the surface of NiO/CZ. The presence 
of CH3 and CH2 deformation peaks between 1490 and 1440 cm-1 confirmed this conclusion.115   
Several peaks corresponding to C=C bonds of aromatics and graphitic coke were also 
seen between 1653 cm-1 and 1502 cm-1. The peaks representing aromatic C=C vibrations grew 
throughout the 12 h period of contact with methane at 450 oC, but the growth was relatively 
limited compared to their intensity after 1 h. The increase of the intensities of these peaks 
indicates that the surface coverage increased throughout the 12 h and did not entirely reach 
saturation. It is suggested that some of these aromatic species desorb from the surface in the form 
of benzene, toluene and traces of heavier aromatics, such as styrene, ethylbenzene and 
propylbenzene, as seen on the reactivity results (Figure 2.3). A peak around 1580 cm-1 is also 
observed which is assigned to graphitic coke.117-118 The intensity of this peak increased slowly 
and approached an asymptotic limit. This indicates that surface coverage of graphitic coke 
approached saturation within the first hour on stream. This confirms the observation on the TEM 
images of the spent catalyst in which only certain domains of the catalysts were covered with 
graphitic coke. These domains which comprise of big Ni particles of around 5 nm as seen in 
(Figure 2.5a) are responsible for the formation of graphtic carbon deposits. The rest of the 
catalyst where these big Ni particles are absent are free from deactivation by coking.  
To sum up the observations from the IR spectra coupled with the reactivity results and 
the characterization of NiO/CZ after exposure to methane, it appears that the two types of active 
Ni species on the CZ support play different roles for methane conversion. Aromatization of 
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methane is not possible on Ni domains that are smaller than an aromatic ring (i.e., 0.45 nm), but 
the actual minimum domain size might be even somewhat larger. As a result, at least some of 
these sites form higher alkyl chains, which desorbs as ethane or ethylene. In the case of the 
bigger Ni domains, further C-C coupling steps coupled with an oxidation reaction results in the 
formation of aromatics such as benzene, toluene and traces of styrene, ethylbenzene and 
propylbenzene. Solid carbon deposits are also formed on these big Ni domains and eventually 
deactivate these sites. The production of  aromatics gradually declines as the big Ni domains are 
covered by coke and oxygen from ceria is depleted. At this point, the smaller Ni domains make 
up the majority of the active sites, and the reaction pathway towards the formation of ethane and 
ethylene becomes dominant. 
 
 
Figure 2.7 Subtracted in-situ FTIR spectra during exposure of 2 wt.% NiO/CZ to methane at 450 
oC 
2.3.3 Strategies for Improved Performance 
The present contribution shows that Ni/CZ is capable of activating methane at low temperatures 
and coupling surface methyl groups to ethane. However, this endothermic reaction is 
thermodynamically limited to 0.45% conversion at 500 °C (Table 2.2). To improve the 














































conversion to an acceptable level for industrial application without increasing the operating 
temperatures, these catalysts could be incorporated into membranes that can selectivity remove 
hydrogen to drive the reaction in the forward direction. Several studies in the literature have 
successfully demonstrated the use of such membranes on systems with either catalysts that are 
significantly more expensive than and not as active as the catalyst in this study or for non-
oxidative methane aromatization at high temperatures (700 – 800 ˚C).12, 81 
2.4 Conclusions 
Nickel particles on ceria zirconia catalysts are active for the conversion of methane into ethane, 
ethylene and aromatics such as benzene, toluene, ethylbenzene, styrene and propylbenzene. The 
nickel sites are responsible for the activation of methane. Coupling of activated methane groups 
resulted in the formation of different products. Two domains of Ni particles are present on CZ 
which play different roles in the conversion of methane based on their particle size. Bigger Ni 
particles which are greater than 0.45 nm is responsible for the formation of carbonaceous 
deposits because they have enough surface sites for them to assemble. Aromatics are also formed 
on these sites due to coupling with an oxidation reaction during the reduction of CZ. Smaller Ni 
particles which are smaller than a benzene ring (0.45 nm) and down to isolated Ni atoms are not 
involved in the formation of carbonaceous deposits. Activated methane group couple into higher 
alkyl chains which are desorbed from the catalyst surface as ethane. In cases in which the 
temperature was high enough, ethane is either able to undergo further dehydrogenation to form 
ethylene or the surface alkyl groups dehydrogenate before desorption. The catalyst was able to 
perform this reaction for 8 h with no clear signs of a complete deactivation because coking was 
restricted and selective on the catalyst surface. This study therefore presents an efficient and 
cheap catalyst for converting methane into useful hydrocarbons in the absence of an oxidant at 
38 
	
reasonably low temperatures up to the thermodynamic limit. The high stability of the catalyst at 
the reaction condition potentially makes it an important part of a membrane reactor for 
improving methane conversion. By selectively removing hydrogen from the reaction mix, the 



















CONVERSION OF METHANE TO METHANOL AND ETHANOL OVER NICKEL 
OXIDE ON CERIA-ZIRCONIA CATALYSTS IN A SINGLE REACTOR 
3.1 Background 
The availability of methane from conventional and unconventional reserves has 
revolutionized the world’s energy mix in recent years.119 In conventional processes, methane is 
reformed into syngas,120 which can be used for methanol synthesis121 or be converted to higher 
hydrocarbons by Fischer-Tropsch synthesis.122 Unfortunately, these processes are only 
economical on large scales, and reforming requires high temperatures (typically > 1100 K). 
Since transporting gas over long distances is economically challenging, many natural gas 
reserves are “stranded”, and methane is often flared on site rather than used in a productive way. 
In addition to the loss of a valuable resource, this practice results in greenhouse gas emissions.123 
Catalytic processes that could enable conversion of methane to liquid products in a single reactor 
have enormous potential to enable more effective use of stranded gas reserves. This situation has 
led to intense interest in converting methane to value-added chemicals and fuels.9-10, 15, 64, 124-126 
The conventional route for methanol production uses Cu/ZnO/Al2O3, ZnO/Cr2O3 or 
similar catalysts at 30-350 bar.121 127 The reaction occurs by sequential hydrogenation of CO or 
CO2. Synthesis of ethanol and higher alcohols was reported over Rh, Mo, and modified Fischer–
Tropsch or methanol synthesis catalysts and typically also requires elevated pressure.128 The 
proposed routes for C-C bond formation include methanol and CO homologation and CO 
insertion into metal carbon bonds. Ethanol formation from methanol and syngas was also 
reported over Cu/SiO2 catalysts at atmospheric pressure.31 
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An interesting route for methane activation that might avoid the economy of scale of 
established routes is direct partial oxidation into oxygenates like methanol, formic acid and 
formaldehyde or methanol precursors such as methyl bisulphate.9 In nature, bacterial 
methanotrophs convert methane to methanol with metalloenzymes, such as methane 
monooxygenases.32 Soluble monooxygenase contains a carboxylate bridged diiron center, 
whereas a dicopper cluster has been proposed as the active site of particulate monooxygenase.14 
While monooxygenases enable an interesting path for methane conversion, they only have 
limited potential for large scale industrial processes. Inspired by methane monooxygenases, 
supported phthalocyanine complexes of Fe, Cu, and Co have been investigated.33-35 In other 
studies, methane was converted to methanol over small metal oxide clusters in zeolites, such as 
bis(µ-oxo) dicopper complexes in Cu/ZSM-5.15, 129-134 However, prohibitively expensive 
oxidants like tert-butyl hydroperoxide,33 H2O2,15 or N2O135 had to be used in many of these 
studies to generate reactive oxygen species. In other studies, the “catalyst” was reactivated by 
calcination before it was able to undergo the next turnover.132, 136 Thus, the reaction did not occur 
in a conventional catalytic cycle, in which all elementary reactions occur under the same 
conditions. 
Methane can also be activated at rather mild temperatures (373 – 423 K) by strong Lewis 
acid sites that are formed when alumina is calcined at high temperature.36-37 However, in many 
cases, the methyl groups remained on the surface rather than engaging in catalytic turnovers. 
Nevertheless, this illustrates the potential of Lewis acid sites as components of bifunctional 
catalysts.   
In this study, we developed a catalyst that is capable of converting methane to alcohols at 
steady state and moderate temperatures in a single reactor. Steam was necessary to release the 
41 
	
alcoholic products, and O2 acted as an oxidant. This catalyst combines Lewis acid sites with a 
redox-active ceria-zirconia (CZ) support to enable catalytic turnovers. Additionally, coupling 




 Cerium (III) nitrate hexahydrate (99% trace metals basis), zirconyl (IV) oxynitrate 
hydrate (99% trace metals basis), nickel (II) nitrate hexahydrate, iron (III) nitrate nonahydrate, 
palladium (II) nitrate hydrate, aluminum (III) nitrate nonahydrate, cobalt (II) nitrate hexahydrate 
and ammonium hydroxide (A.C.S. regent grade, 28–30% NH3content) were purchased from 
Sigma Aldrich. Silica (99.8% purity) was purchased from Sigma Aldrich. Gases (methane, 
nitrogen, carbon monoxide, hydrogen and oxygen) with ultra-high purity (UHP Grade 5) were 
purchased from Airgas and dry air for calcination was generated in our labs using a Parker 
Balston Gas Generator 1000. Methanol (99.9% purity) was purchased from Sigma Aldrich. 
Deionized water was obtained from a Barnstead NANOpure ultrapure water system which was 
purified to 18.2 MΩ/cm. 
3.2.2 Catalyst synthesis 
 The ceria zirconia support was prepared by coprecipitation of the precursors of ceria and 
zirconia.86-87 Cerium nitrate hexahydrate and zirconyl nitrate hydrate were dissolved in deionized 
water to form a 0.1 M solution. The coprecipitation was modified by adding the 0.1 M precursor 
solution drop-wise to an aqueous ammonium hydroxide solution while stirring continuously. The 
precipitate was then filtered, rinsed with deionized water, and dried in an oven overnight at 373 
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K. The catalyst was then calcined for 4 h in 200 mL/min zero grade air at 723 K with a ramp rate 
of 5 K/min. The co-precipitation material comprised of Ce (0.83) and Zr (0.17) as determined by 
ICP-OES and is referred to as CZ in the manuscript. Metal oxide clusters of Ni, Fe, Pd, Co and 
Al were deposited on the CZ support using conventional dry impregnation or pore volume 
impregnation.88 The metal content chosen was 2 wt.% in all cases. For this purpose, the metal 
precursor in question was dissolved in deionized water equal the pore volume of the ceria 
zirconia support, as determined by nitrogen physisorption. The resulting solution was added 
dropwise to the support, collected in a beaker, at room temperature. It was mixed thoroughly for 
30 minutes, dried at 373 K for 5 h and then calcined for 4 h at 723 K with a ramp rate of 10 
K/min. For reference, a sample with the same concentration of NiO on commercial SiO2 support 
was prepared using the same approach. As another reference sample, 5 wt.% Ni was also 
deposited on to CZ using the same synthesis approach as with other materials.  
3.2.3 Characterization 
Nitrogen physisorption measurements of the prepared samples were taken using a 
Micromeritics ASAP 2020 physisorption analyzer. The catalysts were degassed at 473 K for 4 h 
prior to measurement. Surface areas and pore volumes were calculated based on the BET 
method89 and BJH method,90 respectively.  
To determine the amount of ceria, zirconia, and nickel on the catalyst, ceria zirconia and 
NiO on ceria zirconia were sent to Galbraith Laboratories for inductively coupled plasma-atomic 
emission spectroscopy (ICP-AES) analysis.  
X-ray diffraction patterns were obtained using a Phillips X’Pert diffractometer equipped 
with an X’celerator module using Cu Kα radiation. Diffractograms were collected at incident 
angles from 2θ = 5 to 90° with a step size of 0.0167°.  
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Pyridine adsorption followed by FTIR spectroscopy was performed using a Nicolet 8700 
FTIR spectrometer with an MCT/A detector. Each spectrum was recorded with 64 scans with a 
resolution of 4 cm-1. Each sample was pressed into a translucent self-supported wafer and loaded 
into a vacuum FTIR transmission cell. The sample was activated at 723 K for 1 h under high 
vacuum and cooled to 423 K. A background spectrum was taken. The chamber was then dosed 
with 0.10 mbar of pyridine for 30 mins or until adsorption equilibrium of pyridine was reached. 
Subsequently, the cell was evacuated for 1 h to remove physisorbed pyridine and a spectrum was 
taken. To determine the strength of acid sites, the sample was heated to 523 K, 623 K and 723 K 
for 1 h, and a spectrum was taken at 423 K. After each experiment, the density of the wafer was 
determined by using a circular stamp of 6.35 mm to cut a disc of specific size from the wafer. 
The concentration of Lewis and Brønsted acid sites were determined by the Beer-Lambert law 
using the integral of the peaks at 1445 cm-1 and 1540 cm-1, respectively. Extinction coefficients 
were used as reported by Datka et al.137  
In-situ XANES spectra at the Ce L3-edge and Ni K-edge were collected at beamline 9-
BM-C at the Advanced Photon Source of Argonne National Laboratories (Proposal GUP-43235). 
A Si (1 1 1) double monochromator was used to select the beam energy for all measurements.  
The beam size was 800 x 1000 µm. Samples were pressed into wafers and placed in a cubic 
reactor. The beam was internally calibrated with a metallic cerium reference foil for Ce L3-edge 
and metallic nickel reference foil for Ni K-edge and spectra were collected in fluorescence mode. 
A spectrum was first taken of each of the fresh samples. The samples were then activated in 
helium at 723 K for 1 h in the cubic reactor while continuously taking spectra. The gas was then 
switched to 5% methane and balance helium and spectra were taken continuously. Separate 
experiments were performed under the same conditions for both Ce L3-edge and Ni K-edge.  
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In-situ XANES experiments with steam were performed in the same reactor and at the same 
conditions. Helium was used to bubble steam into the reactor while continuous XANES spectra 
were taken at the Ni K-edge.  
XPS measurements were performed with a Physical Electronics Quantera Scanning X-ray 
Microprobe. This system uses a focused monochromatic Al Kα X-ray (1486.7 eV) source for 
excitation and a spherical section analyzer. The instrument has a 32 element multichannel 
detection system. The 83 W X-ray beam focused to 100 µm diameter was rastered over a 1.1 mm 
x 0.1 mm rectangle on the sample used for the analysis. The X-ray beam is incident normal to the 
sample and the photoelectron detector is at 45° off-normal. High energy resolution spectra were 
collected using a pass-energy of 69.0 eV with a step size of 0.125 eV. For the Ag 3d5/2 line, 
these conditions produced a FWHM of 1.07 eV. The sample experienced variable degrees of 
charging. Low energy electrons at ~1 eV, 20µA and low energy Ar+ ions were used to minimize 
this charging. The 2 and 5 wt.% NiO/CZ catalysts powder was pressed into a 4 mm x 1 mm 
diameter holes machined into a custom 13 mm diameter SS sample stub designed for use with a 
custom modified ULVAC PHI XPS sample platen. The custom sample platen and sample stub 
including the fresh catalysts was placed into the XPS vacuum introduction system and pumped to 
<1x10-7 Torr using a turbomolecular vacuum pumping system prior to introduction into the XPS 
spectrometer ultrahigh vacuum system. The spectrometer vacuum system pressure is maintained 
at <1x10-9 Torr during analysis and pumped using a series of sputter ion and turbomolecular 
vacuum pumps. After XPS analysis of the fresh catalysts the sample stub was transferred to an 
attached catalytic reaction side chamber also pumped by a series of sputter ion and 
turbomolecular vacuum pumps. The sample stub was then transferred from the catalytic side 
chamber into an attached high vacuum tube furnace. The pressure of the tube furnace was 
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increased ~760 Torr using 5% methane/He at a flow rate of 100 SCCM. The catalyst was heated 
to 723 K at a rate of 10 K/minute and held for 1 hour. This procedure was repeated with a wait 
time of 4 hours at 723 K in 5% methane/He flow. After the catalyst was cooled to RT the gas 
was quickly removed using a turbomolecular vacuum pump attached to the tube furnace. The 
stub was then transferred into the UVH catalytic chamber and then into the XPS spectrometer 
vacuum for analysis. 
Quantification was performed using standard sensitivity factors contained in the 
ULVAC-PHI, Inc. MultiPak V9.5.0.8 version date of 10-30-2013 software. Peak area intensities 
required for quantification were calculated after applying a Shirley background subtraction. 
These quantification results include the instrument transmission function, source angle, and 
asymmetry corrections. Typical XPS analysis depth from inelastic mean free path calculations is 
up to 3 nm depending on the kinetic energy of the detected electron. The majority of the 
electrons detected are coming from the first atomic layer. 
The EDX map was collected with aberration corrected Scanning Transmission Electron 
Microscope (STEM) (JEOL JEM-ARM200F) operated at 200 kV. The electron-optics column 
incorporates CEOS GmbH double-hexapole aberration corrector for the probe-forming lens, 
which allows imaging with ~0.8 nm resolution in scanning transmission electron microscopy 
(STEM) mode. The presented images were acquired on HAADF detector with beam 
convergence of 27.5 mrad and collection angle of 68-280 mrad. Elemental analysis was 
performed using Energy Dispersive X-ray Spectroscopy (EDX) using high collection angle SSD. 
(~0.7srad, JEOL Centurio). Acquisition and evaluation of the spectra was performed by NSS 
Thermo Scientific software package. In general, the STEM sample preparation involved 
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mounting powder samples on copper grids covered with lacey carbon support films, and then 
immediately loading them into the STEM airlock to minimize an exposure to atmospheric O2. 
Spent catalysts were sent to Atlantic Microlab for CHN analysis.  
3.2.4 In-situ IR spectroscopic studies on surface reactions of methane 
 Methane activation over different catalysts was investigated by in-situ FTIR 
spectroscopy. The catalysts were pressed into self-supported wafers and introduced into a custom 
made high vacuum cell with ZnSe windows. A cryogenic pump and a turbo pump were used to 
evacuate the cell to 10-6 mbar. Each wafer was activated in high vacuum at 723 K for 1 h and 
cooled to 323 K. It was then exposed to 530 mbar of CH4 for 1 h. The methane in the cell was 
then removed with the cryogenic pump, and a spectrum was collected immediately. The wafer 
was also contacted with methane at 373 K, 423 K, 473 K and 523 K following the same 
procedure as used at 323 K.  
3.2.5 Operando transmission FTIR spectroscopic studies 
 50 mg of the catalyst was pressed into a circular self-supported wafer with a diameter of 
2 cm. The wafer was loaded into the sample holder, and it was assembled as a part of the FTIR 
cell together with the cell body and heating block. The cell was built based on a design reported 
in the literature.93 The assembled FTIR cell was placed into a Nicolet 8700 FTIR spectrometer. 
Each spectrum was recorded with 64 scans at a frequency of one per minute for 8 h during 
exposure to 5% methane and balance inert at 25 ccm total flow rate (to make up a space velocity 
of 3000 h-1) at 723 K and atmospheric pressure, and also at standard reaction condition similar to 
the case for the packed bed reactor (see below in reactivity studies). All lines were heated to 393 
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K to prevent condensation of steam. The effluent line was connected to a Hiden HPR-20 QIC 
mass spectrometer to monitor the signal of the product stream over time. 
3.2.6 Reactivity Studies 
 Reactivity experiments for the coupling and selective oxidation of methane were 
performed in a packed bed reactor using a steam to carbon ratio of 1 and an oxygen to carbon 
ratio of 0.2. The studies were conducted using 200 mg of catalyst sieved to 75 µm. Catalyst 
samples were activated in-situ at 723 K in nitrogen for an hour prior to reactivity studies in all 
the reactivity experiments. A space velocity of 3000 h-1 of reactant gas diluted in nitrogen (5% 
CH4) was employed. A 100 ccm total flowrate of gas was used. The reaction temperature was 
723 K (unless specified otherwise) and pressure was atmospheric. In experiments with methanol 
and syngas, the total flowrate was kept the same at 100 ccm and carbon monoxide comprised 5% 
of the stream. The methanol to CO ratio was 1 and the H2 to CO ratio was 2. In the experiment 
with just methanol, a 5% methanol gas in nitrogen reactant stream was used and the reaction was 
ran for 8 h at 723 K. Reactivity of syn-gas over NiO/CZ was also conducted in the presence and 
absence of steam. A 100 ccm total flow rate was employed with 5 % CO and an H2 to CO ratio 
of 2. In the case where steam was present in the stream, a CO to steam ratio of 1 was employed.  
The reactor was connected to an online Bruker 450-GC refinery gas analyzer (RGA) and a Hiden 
HPR20 mass spectrometer. The RGA is equipped with two TCD detectors and an FID. One TCD 
is used for analysis of hydrogen and the second for analysis of permanent gas mixtures 
(including methane). The FID channel allows for identification of methane and higher 
hydrocarbons as well as alcohols. The TCD for hydrogen gas analysis uses a molsieve 5A 
column, the TCD for permanent gas analysis uses a Molsieve 13x and Hayseep Q columns in 
series, and the column to the FID is a BR-1. The GC was calibrated for all reactant and product 
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gases by flowing 3-4 known amounts of the gas in question at the same temperature used in the 
selective oxidation reaction (723 K) and monitoring the peak areas. Product gas was sampled at 
20 minute intervals using the RGA. The mass spectrometer equipped with a Faraday detector 
was used for hydrogen and steam analysis by monitoring the signal at m/z of 2 and 18 
respectively in continuous Multiple Ion Detection (MID) mode. The mass spectrometer was also 
used for oxygen analysis by monitoring the signal at m/z of 32, 31 and 46. The following 
definitions were used: 
Conversion: 𝑋" % = 	
&8,+,	-	&8,./0
&8,+,
 x 100 
C Product Yield: 𝑌2	 % = 	
&4,./0
34	.		&'(),+,
 x 100 
H2 Yield: 𝑌97	 % = 	
&(6,./0
	(7.&'(),+,;	&(6<,+,)
 x 100 
Where νp is the normalized stoichiometric coefficient and Fx is the molar flow rate of the gas in 
question. 
3.2.7 Verification of alcohols in the product stream 
 In order to verify the formation of methanol and ethanol, the effluent stream of the 
reactor was connected to a cold trap set at a temperature of 273 K. 13C NMR was then performed 
on the condensate. For this purpose, a Bruker Advance III-400 spectrometer was used. 
Deuterated D6-DMSO was used as the lock solvent in a sealed 1 mm capillary as an external 
standard. Quantitative data were collected with 13C decoupling using 30˚ pulse angle with a scan 
time of 2 sec and delay time of 1 sec between scans. The number of scans collected was 512 
through TopSpin 3.0 software and processed using MestReNova NMR software by Mestrelab 
Research S. L.  
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2 wt.% NiO/CZ was also sent to the National Renewable Energy Laboratories for testing and 
products analysis from 1H NMR also verified the presence of methanol and ethanol as products 
of methane conversion in the presence of steam and oxygen at 723 K. 
3.2.8 Elementary reactions for the conversion of methane to alcohols 
To obtain reasonable yields of alcohols, it is necessary to couple activation and coupling 
of methane with an oxidation reaction as in reactions 3 and 4.  
CH4 + H2O ↔ CH3OH + H2              ΔG723 K = 124.7 kJ/mol (1) 
2CH4 + H2O ↔ C2H5OH + 2H2             ΔG723 K = 181.4 kJ/mol (2) 
CH4 + H2O + 1/2O2 ↔ CH3OH + H2O ΔG723 K = -87.0 kJ/mol (3) 
2CH4 + H2O + O2 ↔ C2H5OH + 2H2O ΔG723 K = -190.8 kJ/mol (4) 
3.3 Results and Discussion 
The CZ support with a molar CeO2:ZrO2 ratio of 83:17 was obtained by co-precipitation 
following a procedure published before.87, 99 Al2O3, CoOx, FeOx, PdO, and NiO clusters on CZ 
were prepared by dry impregnation of nitrate precursors. The loading was 2 wt.% (on a metal 
basis) in all cases. The desired Lewis acidic metal oxide clusters were obtained by calcination at 
723 K. NiO/SiO2 with the same Ni loading and NiO/CZ with 5 wt.% Ni were prepared as 
reference samples.   
The concentration of acid sites on each catalyst was determined by pyridine adsorption 
followed by FTIR spectroscopy. Only the characteristic band of pyridine on Lewis acid sites 
(LAS) (1445 cm-1) was observed, while none of the spectra contained the characteristic peak of 
pyridinium ions on Brønsted acid sites (1540 cm-1) (Figure S1).  Pure CZ had a low 
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concentration of LAS (2.9 µmol.g-1), whereas significantly higher values of 80±4 µmol.g-1 were 
measured for the samples with additional metal oxide clusters except for Al2O3/CZ (Figure 
B.1b). This analysis shows that 26% of the Ni atoms in 2 wt.% NiO/CZ are involved in forming 
a Lewis acid site (Table B.1).  
The ability of the Lewis acidic catalysts to activate methane was probed by in-situ IR 
spectroscopy. All samples were activated in vacuum at 723 K. After 1 h of exposure to 530 mbar 
of methane at 323 K and evacuation for 1 min, CZ only retained a small amount of physisorbed 
methane as indicated by a small peak at 3014 cm-1 (Figure B.4a). At temperatures between 373 
and 523 K, no stable surface species were observed. This shows that CZ does not have sufficient 
Lewis acidity for methane activation. On catalysts with additional metal oxide clusters, peaks 
corresponding to asymmetric and symmetric CH3 stretching modes were observed around 2957 
and 2875 cm-1, respectively, starting at 373 – 423 K (Figure 3.1 and B4b-g). The intensity of the 
peaks varied between catalysts with different supported metal oxide clusters, but they were 
observed for all the samples used in this study. In agreement with previous work on methane 
activation on γ-Al2O3,37 we conclude that methane is activated and that surface methyl or 
methoxy groups are formed. In case of NiO/CZ and FeOx/CZ, additional bands were observed 
around 2921 and 2851 cm-1 (Figure 3.1 and Figure B4e). These peaks are attributed to 
asymmetric and symmetric CH2 stretching modes, respectively.138 The presence of these bands 
indicates that surface methyl groups are coupled to longer alkyl or alkoxy chains. Methane 
activation was also studied on NiO/SiO2 to probe the role of the CZ support in the activation and 
coupling of methane. Only the peaks of methyl groups were observed, but no CH2 groups were 
formed. This shows that CZ plays a direct or indirect role in enabling the formation of alkyl 




Figure 3.1 Difference IR spectra of products from CH4 on selected catalysts at 473 K 
 Based on these results, we hypothesized that CZ stabilizes very small, well-dispersed 
NiO or FeOx clusters that are capable of activating and coupling methane at low temperatures. 
Previous reports showed that similar non-metallic Pt and Au species can be stabilized by pure 
ceria and that these species are highly active as part of water-gas-shift catalysts.101 To verify our 
hypothesis, EDX maps and X-ray diffractograms of NiO/CZ, NiO/SiO2, and were obtained. The 
EDX maps of NiO/CZ with 2 wt.% Ni showed the presence of well-dispersed Ni on the entire 
surface of the CZ support (Figure 3.2a and B.8). The exact size distribution of the Ni clusters 
cannot be quantified by EDX mapping due to the detectability-stability limits. Nevertheless, it 
can be concluded that they should be present as NiO clusters below ~2-3 nm in size. In addition 
to the well dispersed NiO, several larger particles (up to 10 nm) were also occasionally observed. 
In contrast, the EDX map of NiO/SiO2 only revealed Ni in the form of larger particles of 10 – 25 
nm (Figure 3.2b). An increase of the Ni loading on CZ to 5 wt.% also resulted in the formation 
of larger NiO clusters (Figure 3.2c). In agreement with these results, the X-ray diffractogram of 
NiO/CZ only contained peaks corresponding to CZ, whereas diffractions of NiO crystallites were 
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observed for NiO/SiO2 (Figure B.3). This shows that the concentration of crystalline particles in 
2 wt.% NiO/CZ is below the detection limit for XRD. It is suggested that the high dispersion of 
NiO on CZ is one prerequisite for the unique activity of these species. In addition, CZ could alter 
the net charge of the supported NiO clusters or provide interfacial active sites.  
Further insight into the synergy between the NiO clusters and the CZ support was 
obtained by probing the oxidation state of Ni and Ce with in-situ XANES experiments (Figure 
3.3). When NiO/CZ was exposed to a flow of 4% methane in helium at 723 K, the Ce L3-edge 
shifted to lower energy over the course of 4 h (Figure 3.3a), indicating reduction of the CZ 
support. After 4 h, no further shift of the Ce L3-edge could be observed. The final edge position 
and the line shape with two maxima, which is typical for Ce 4+, indicated that the majority of Ce 
atom remained in an oxidation state of 4+ with a small contribution from Ce 3+.139-140 The 
relatively low white line intensity is attributed to strong Ce fluorescence absorption by ceria 
matrix. Complementary XPS experiments showed that 49% of the Ce atoms within 3 nm from 
the surface were reduced to Ce 3+ upon exposure to CH4 for 4 h at 723 K (Figure B.13). Thus, it 
is suggested that the reduction of CZ at 723 K is mostly limited to surface sites, whereas the bulk 




Figure 3.2 HAADF images and corresponding EDX maps of Ni for (a) 2 wt.% NiO/CZ (b) 2 
wt.% NiO/SiO2 (c) 5 wt.% NiO/CZ. The scales in the Ni EDX maps correspond to the integrated 
signal from the ionization peak of Ni(K) 
 The spectrum at the Ni K-edge did not change in the first 4 h, while the reduction of CZ 
was proceeding (Figure 3.3b). However, a reduction of the white line intensity and a shift of the 
edge to higher energy occurred within 30 minutes once the reduction of Ce stopped. This shows 
that NiO clusters are readily converted to metallic Ni when they are present on a reduced CZ 
surface. Together, the changes of the Ce L3-edge and Ni K-edge indicate that CZ can act as an 
oxygen reservoir that can supply a certain amount of oxygen to NiO clusters to keep them in the 
oxidized state. Importantly, CZ has been reported to efficiently activate oxygen even at room 
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oxygen and transferring activated oxygen species to the supported particles, such as the NiO 
clusters in this study, make CZ an effective component of bifunctional oxidation catalysts.141-142 
 In addition to studying the redox behavior of NiO/CZ, we used in-situ XANES to probe 
the interaction of steam with the supported NiO clusters, since in previous studies the formation 
of metal hydroxides prevented selective oxidation of methane over CuOx and FeOx clusters in 
steady state.132, 136 No changes were observed at the Ni K-edge when NiO/CZ was exposed to 
steam at 723 K for 4 h (Figure 3.3c) indicating that the NiO clusters are not converted into 
hydroxides under these conditions. The derivative of the spectrum provides even clearer 
evidence for the absence of hydroxyl species (Figure B.15). While the white line of the Ni(OH)2 
standard showed two distinct maxima, this feature was not observed for the NiO standard or the 
NiO/CZ catalyst after exposure to steam at 723 K. Thus, it is safe to conclude that NiO clusters 




Figure 3.3. In-situ XANES spectra: (a) Ce L3-edge during reaction of CH4 over NiO/CZ at 723 
K (b) Ni K-edge during reaction of CH4 over NiO/CZ at 723 K (c) Ni K-edge during exposure to 
H2O at 723 K 
 Based on the observation of higher alkyl or alkoxy chains on NiO/CZ (Figure 3.1) and 
the characterization of this material, we hypothesized that methanol and higher alcohols can be 
formed over these catalysts. It was shown that steam can hydrolyze surface methoxy species to 
form methanol 134. However, this elementary reaction needs to be coupled with a selective 
oxidation step to make the process thermodynamically feasible (see appendix B). Thus, the 













































































































conversion of methane over 2 wt.% NiO/CZ was studied in a packed bed reactor at 723 K with a 
feed steam-to-carbon ratio of 1.0, an O2 to carbon ratio of 0.2, and a balance of nitrogen (Figure 
3.4). The initial methane conversion was 18%. It declined to 15% over the first 3 h on stream, 
but no further changes were observed after that. If one assumed that every Ni atom of the catalyst 
constitutes an active site, the conversion of 15% would correspond to a turnover frequency of 50 
h-1. Methanol, ethanol, and CO2 were observed as the main carbon containing products along 
with hydrogen. The ethanol and methanol yields reached 3.7% and 2.9% on a C atom basis, 
respectively. This corresponds to a cumulative alcohol selectivity of up to 43%, and an ethanol 
selectivity of 24% on a C atom basis. The formation of methanol and ethanol was confirmed by 
NMR spectroscopy (Figures B.24a and B.25) and MS (Figure B.24b). The production of 
methanol and ethanol throughout the reaction remained almost constant. No products with three 
or more carbon atoms were observed under the conditions applied here. The conversion and 
selectivity to ethanol are comparable to the performance of typical catalysts for conversion of 
syngas to ethanol.143 The formation of H2 and CO2 can be attributed to oxy-reforming or a 
sequence of steam reforming and the water-gas-shift reaction, but oxidation of other surface 
species could also contribute to the formation of CO2. 
In the initial stage of the reaction, 2.6% of the carbon atoms entering the reactor remained 
unaccounted for in the product stream and 1.5% were converted to aromatics (Figure 3.4). 
Within 5 h, the fractions of unaccounted carbon and aromatics decreased to 0.23% and 0.14%, 
respectively, and remained at approximately this level for the remaining 3 h of the reaction. 
Previous reports indicated that coking is typical for Ni particles that have a certain minimum 
size.144-145 Thus, it is suggested that carbonaceous deposits are formed on the few large NiO 
clusters (Figure 3.2a). Some aromatic precursors of these deposits are desorbed instead of being 
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permanently deposited. Once the larger particles are covered, the formation of deposits and 
aromatics almost ceases. In contrast, the well-dispersed NiO clusters remain accessible and 
active. CHN analysis of the spent catalyst indicated the presence of 2.9 wt.% of carbon deposits. 
 
Figure 3.4 Conversion of methane and O2 and yields of products formed during reactions of 
methane, steam and oxygen in a packed bed reactor setup at 723 K and 1 atm over 2 wt.% 
NiO/CZ. Yields of carbon-containing products are calculated on a carbon atom basis. A space 
velocity of 3000 h-1 of reactant gas diluted in nitrogen was used 
 Further evidence for this scenario was obtained when methane was converted under 
identical conditions over 2 wt.% NiO/SiO2 and 5 wt.% NiO/CZ, which contained larger NiO 
particles. Over 2 wt.% NiO/SiO2, the initial conversion was 15%, but the catalysts deactivated 
completely over the course of 6 h (Figure B.23a). The amount of deposited carbon on the spent 
catalyst as determined by CHN analysis was 5.8 wt.%, which is significantly higher compared to 
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which demonstrates further that the synergy between NiO and CZ plays a critical role in the 
production of alcohols. The initial conversion over 5 wt.% NiO/CZ was 23%, but it declined to 
13% within 5 h (Figure B.22a), and the cumulative alcohol selectivity was only around 30%. 
These observations show that 5 wt.% NiO/CZ contains fewer small NiO clusters that are active 
for sustained production of alcohol than 2 wt.% NiO/CZ. 
 To illustrate the function of steam, 2 wt.% NiO/CZ was used in a reaction with a feed that 
only contained methane and O2 in N2 (Figure B.17b). The conversion dropped from 17% to 14% 
over the first 3 h on stream and remained constant for the rest of the experiment. CO2 was the 
only carbon containing product detected. This shows that steam is necessary to obtain alcohols, 
whereas the combustion of methane dominates in the absence of steam in the feed. With a feed 
containing only methane, steam and nitrogen, the initial methane conversion was 2% and some 
alcohols were formed (Figure B.17a). However, the catalytic activity ceased within about 4 h, 
which correspond to the time at which the reduction of Ce stopped during the in-situ XANES 
experiment under similar conditions.  
 The observations described above show that NiO clusters can activate methane, similar to 
the one in previous reports of methane activation on other types of Lewis acidic sites.36-37 In the 
case of sufficiently large clusters, carbonaceous deposits are formed, and the clusters are 
deactivated. The CZ support appears to stabilize NiO clusters that are sufficiently small to avoid 
this deactivation path. In the presence of steam, the surface species can be hydrolyzed and 
desorbed as alcohols. Based on the in-situ XANES results (Figure 3.3a and 3.3b) and well-
documented activity of CZ for activating O2,39 it is suggested that the active oxygen species 
required for the selective oxidation reaction originate on CZ. However, the exact origin of O 
atoms in the products will be the subject of future studies. A reference experiment showed that 
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methanol formation over NiO/CZ is also possible from syngas and steam (Figure B.18b), but CO 
was not completely converted. 
 The strong peaks of alkyl or alkoxy groups with two or more carbon atoms in in-situ IR 
spectra (Figures 3.1 and B.5) seems to point at a reaction path involving coupling of surface 
alkyl or alkoxy species. In a reference experiment, ethanol was formed from a mixture of 
methanol and syngas at the same temperature and pressure (Figure B.19). This indicates that 
homologation might be an alternative reaction path,128 but the observation of residual CO in this 
experiments (as opposed to the absence of CO in the product stream from methane conversion) 
indicates that homologation is less likely to be the dominant reaction path. 
3.4 Conclusions 
 In summary, the present results show that the unique synergy between small NiO clusters 
and redox-active CZ results in a catalyst that can convert methane to methanol and ethanol in a 
single reactor. To the best of our knowledge, this is the first report of a single-reactor conversion 
of methane to ethanol. Unlike in studies of many other materials based on supported metal oxide 
clusters, all parts of the catalytic cycle occur at the same temperature with a turnover frequency 










OPTIMIZATION OF ACTIVE SITES OF NiO/CZ TO IMPROVE METHANE 
CONVERSION TO ALCOHOLS 
 4.1 Background 
 Methane, which constitutes the main component of natural gas, is an excellent raw 
material for the production of fuels and chemicals.9, 33, 64, 124-125, 146-147 This is because of the 
abundant availability of methane reserves especially with recent discoveries of shale gas deposit 
in North America and methane hydrates in ocean floors which represent at least twice the 
amount of carbon in other known sources of fossil fuels.1 However, large amounts of natural gas 
are located in remote areas and because shipping gas is not economically feasible and 
liquefaction or building pipelines is technically challenging and prohibitively expensive, these 
gas reserves are considered “stranded”.147-150 As a result, a lot of natural gas by-products from oil 
wells in remote locations are vented or flared. Conversion of methane to liquid products under 
reasonable reaction conditions is therefore a highly desirable option as an alternative for utilizing 
“stranded” methane resources and can be an entry point for the production of value-added 
chemicals. However, such reactions have proven to be challenging to perform.10, 147-149, 151 
 An important catalytic route that is being explored for utilizing methane feedstock is a 
direct partial oxidation of methane into oxygenates like methanol, formic acid and formaldehyde 
or methanol precursors such as methyl bisulphate.9 A direct conversion of methane to methanol 
has been investigated as the most attractive solution because methanol is less reactive than other 
oxygenates and could be transported in pipelines. Also, methanol is a highly desirable precursor 
to chemicals such as acetic acid152 as well as ethylene and propylene via MTO chemistry.153-154 
Higher alcohols such as ethanol was also recently shown to be produced alongside methanol 
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from methane in a single reactor at low temperature over 2 wt.% NiO supported on ceria-zirconia 
(NiO/CZ).100 This is an advantageous process because higher alcohols are even more energy 
dense than methanol and can also be used for the production of important chemicals through 
dehydration155-156 and oligomerization.156-158 Also, ethanol is a very important medical solvent as 
well as a highly important fuel.  
 Catalyst of NiO/CZ that was used in the previous study for the conversion of methane to 
methanol and ethanol was prepared using dry impregnation method. This method of synthesis 
was utilized in the previous study because catalyst synthesis on industrial scales are usually 
implemented using impregnation method. In dry impregnation (DI), the metal precursor is 
dissolved into a solution which is just sufficient to fill up the pore volume of the support.159-160 
This method is advantageous because no filtration step is required and hence, no metal is lost 
during synthesis. A major drawback with this method is that the metal precursor is deposited by 
precipitation during drying.161 As a result of this method of metal deposition, a very weak 
interaction between the support and the metal is most often achieved. There is very little control 
over the deposition of the metal which often results in the formation of larger metal oxide 
particles and low dispersion of the metals or metal oxides.159-160, 162 
 As a result of the drawbacks of impregnation methods of catalyst synthesis as discussed 
in the previous paragraph, much research effort has been dedicated to the fundamentals of 
catalyst synthesis. Several synthesis techniques have been proposed with the aim of providing a 
much better control of the deposition of metals and metal oxides on catalysts support.  
 Strong electrostatic adsorption (SEA) is one of several other synthesis techniques that has 
been proposed and proven to be both reproducible and leads to catalysts with smaller metal oxide 
or metal particles and higher dispersion than catalysts prepared by impregnation methods.162-170 
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This technique is a special case of wet impregnation in which the final pH is set to the pH range 
in which the electrostatic interaction is strongest.167 The deposition of metal particles by SEA 
therefore involves mainly electrostatic interactions between the metal precursor and the support. 
This strong electrostatic adsorption limits the degree of agglomeration of metal oxides during 
calcination of the sample following impregnation. 
 Another synthesis technique that is very commonly used in the literature for the synthesis 
of metal oxide catalysts is co-precipitation.171-175 This method produces a “mixed” precipitate 
comprising of two or more insoluble species that are simultaneously removed from solution. 
Chemical precipitation is generally not a controlled process in terms of solid phase nucleation 
and growth processes. Therefore, solids obtained by chemical precipitation typically have a wide 
particle size distribution and uncontrolled particle morphology and a high degree of 
agglomeration during calcination. However, several protocols have been recommended in using 
this synthesis technique to obtain a narrow particle size distribution. These requirements involve 
a high degree of supersaturation in alkaline solution, a uniform spatial concentration distribution 
inside the precipitation reactor and a uniform growth time for all particles or crystals. If these 
protocols are observed when carrying out catalyst synthesis by co-precipitation, catalysts with 
well dispersed metal or metal oxide particles can potentially be obtained. 
 In this study, different synthesis techniques were used to prepare NiO/CZ with the aim of 
obtaining an optimum dispersion of NiO particles on CZ. This bi-functional catalyst of NiO/CZ 
was recently shown to be capable of converting methane to alcohols at steady state in a single 
reactor.100 The process occurs at moderate temperatures using O2 as an oxidant. The activity of 
this catalyst depends on the Lewis acidity of well-dispersed NiO clusters as well as the redox 
activity of the CZ support. Detailed characterization of the catalyst material revealed that the 
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particle size of NiO on CZ plays an important role in the selectivity of methane to alcohol. Based 
on this observation, an optimization of the performance of this catalyst is performed from a 
synthesis perspective with the aim of increasing the dispersion of NiO on the CZ support. Strong 
electrostatic adsorption (SEA) was used to deposit NiO on CZ in which a net surface charge is 
introduced on the CZ support, which is opposite to the charge of the metal complex and lead to a 
strong interaction between the metal complex and the support. Co-precipitation (CP) was also 
used as a means to prepare NiO/CZ. Since CP is a bulk synthesis technique and only a fraction of 
NiO particles end up as accessible Lewis acidic sites on the surface, several catalysts with 
different loading of Ni were also prepared to find the optimum loading. The performance of the 
newly synthesized catalysts was compared with the performance of the catalyst prepared using 
dry impregnation in the previous study. 
4.2 Experimental 
4.2.1 Materials 
 Cerium (III) nitrate hexahydrate (99% trace metals basis), zirconyl (IV) oxynitrate 
hydrate (99% trace metals basis), nickel (II) nitrate hexahydrate, silica (99.8% purity), 
ammonium hydroxide (A.C.S. regent grade, 28–30% NH3 content) and sodium hydroxide (ACS 
reagent, ≥ 97.0%) were purchased from Sigma Aldrich. Hydrogen chloride and sodium 
hydroxide (A.C.S. reagent grade) from Sigma were used as pH adjustors in catalyst synthesis 
using strong electrostatic adsorption (SEA). Gases (methane, nitrogen, carbon monoxide, carbon 
dioxide and hydrogen) with ultra-high purity (UHP Grade 5) were purchased from Airgas. Dry 
air for calcination was generated in our labs using a Parker Balston Gas Generator 1000. 
Deionized water was obtained from a Barnstead NANOpure ultrapure water system which was 
purified to 18.2 MΩ/cm. 
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4.2.2 Catalyst Synthesis 
 The catalysts were synthesized using three different synthesis technique namely; dry 
impregnation (DI), strong electrostatic adsorption (SEA) and co-precipitation (CP). 
4.2.2.1 Dry Impregnation (DI) 
 The ceria zirconia support was first prepared by coprecipitation of the precursors of ceria 
and zirconia.176 For this purpose, cerium nitrate hexahydrate and zirconyl nitrate hydrate were 
dissolved in deionized water to form a 0.1 M solution. The coprecipitation was modified by 
adding the 0.1 M precursor solution drop-wise to an aqueous ammonium hydroxide solution 
while stirring continuously. The precipitate was then filtered, rinsed with deionized water, and 
dried in an oven overnight at 100 oC. The catalyst was then calcined for 4 h in 200 mL/min zero 
grade air at 450 oC with a ramp rate of 5 oC/min. The co-precipitation material was comprised of 
Ce (0.83) and Zr (0.17) as determined by ICP-OES and is referred to as CZ in the manuscript. 
Nickel oxide clusters were deposited on the CZ support using dry impregnation or pore volume 
impregnation (reference). The nickel content impregnated was 2 wt.%. Nickel (II) nitrate 
hexahydrate was dissolved in deionized water equal to the pore volume of the ceria zirconia 
support, as determined by nitrogen physisorption. The resulting solution was added dropwise to 
the CZ support collected in a beaker at room temperature. It was then mixed thoroughly for 30 
minutes, dried at 100 oC for 5 h and then calcined for 4 h at 450 oC with a ramp rate of 10 
oC/min. The catalyst was then analyzed by ICP-OES using a Perkin Elmer Optima 3000 DV. The 





4.2.2.2 Strong Electrostatic Adsorption (SEA) 
 The ceria zirconia support was first prepared using the same technique as with dry 
impregnation. 
4.2.2.2.1 Point of zero charge study 
  To determine the point of zero charge (PZC) of the ceria zirconia support, pH solutions 
ranging from 0.5 to 12.97 were prepared using HCl or NaOH. High surface loading of CZ was 
used for this study. The exact mass of CZ used corresponded to a surface loading (S.L.) of 1000 
m2.L-1. The support was contacted with the pH solutions, shaken for an hour in a rotary shaker, 
and then the final pH was then measured. A glass bodied Mettler Toledo pH probe was 
employed for all pH measurements. The pH meter was calibrated using standard buffer solutions 
at the start of every experiment. The experiments were conducted using 50 mL polypropylene 
bottles at room temperature. 
4.2.2.2.2 Catalyst preparation 
 CZ was weighed in a polypropylene bottle and dissolved in a solution of deionized water 
to make up a surface loading of 1000 m2.L-1. The nickel content used was also 2 wt.%. Nickel 
(II) nitrate hexahydrate corresponding to 2 wt.% loading was added to the aqueous solution of 
ceria zirconia and the pH was adjusted to 9.5 using HCl or NaOH. The solution was then placed 
in a rotary shaker. The pH of the impregnating solution was re-adjusted to 9.5 every 30 minutes 
over a period of 4 hours at which time the deposition of all the nickel in the solution had 
occurred. The catalyst was then filtered using 45 µm nylon syringe filters, dried overnight at 100 
oC and calcined for 4 h at 450 oC with a ramp rate of 10 oC/min. The catalyst was then analyzed 
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by ICP-OES using a Perkin Elmer Optima 3000 DV. The catalyst prepared using this technique 
is represented as 2NiO/CZ_SEA in this manuscript. 
4.2.2.3 Co-Precipitation (CP) 
 NiO/CZ catalysts were prepared by co-precipitation method with different weight loading 
of Ni (2 wt.%, 4 wt.%, 6 wt.% and 10 wt.%). Cerium nitrate hexahydrate, zirconyl nitrate 
hydrate and nickel (II) nitrate hexahydrate were dissolved in deionized water to form a 0.1 M 
solution. The coprecipitation was modified by adding the 0.1 M precursor solution drop-wise to 
an aqueous sodium hydroxide solution while stirring continuously following a procedure 
reported in the literature.171 The precipitate was then filtered, rinsed with deionized water, and 
dried in an oven overnight at 100 oC. The catalyst was then calcined for 4 h in 200 mL/min zero 
grade air at 450 oC with a ramp rate of 5 oC/min. The composition of the co-precipitation 
materials were determined using ICP-OES at Galbraith National Lab and are reported in Table 
4.1. The catalyst prepared using this technique is represented as xNiO/CZ_CP in this manuscript. 
Where x is the weight loading of nickel used. 
4.2.3 Characterizations 
 Nitrogen physisorption measurements of the prepared samples were taken using a 
Micromeritics ASAP 2020 physisorption analyzer. The catalysts were degassed at 200 oC for 4 h 
prior to measurement. Surface areas and pore volumes were calculated based on the BET 
method89 and BJH method,90 respectively.  
To determine the amount of ceria, zirconia, and nickel on the catalyst, ceria zirconia and 
NiO on ceria zirconia were sent to Galbraith Laboratories for inductively coupled plasma-atomic 
emission spectroscopy (ICP-AES) analysis.  
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X-ray diffraction patterns were obtained using a Phillips X’Pert diffractometer equipped 
with an X’celerator module using Cu Kα radiation. Diffractograms were collected at incident 
angles from 2θ = 5 to 90° with a step size of 0.0167°.  
Pyridine adsorption followed by FTIR spectroscopy was performed using a Nicolet 8700 
FTIR spectrometer with an MCT/A detector. Each spectrum was recorded with 64 scans at a 
resolution of 4 cm-1. Each sample was pressed into a translucent self-supported wafer and loaded 
into a vacuum FTIR transmission cell. The sample was activated at 450 oC for 1 h under high 
vacuum and cooled to 150 oC. A background spectrum was taken. The chamber was dosed with 
0.10 mbar of pyridine for 30 mins or until adsorption equilibrium of pyridine was reached. 
Subsequently, the cell was evacuated for 1 h to remove physisorbed pyridine and a spectrum was 
taken. To determine the strength of acid sites, the sample was heated to 250 oC, 350 oC and 450 
oC for 1 h, and a spectrum was taken at 150 oC. After each experiment, the density of the wafer 
was determined by using a circular stamp of 6.35 mm to cut a disc of specific size from the 
wafer. The concentration of Lewis and Brønsted acid sites were determined by the Beer-Lambert 
law using the integral of the peaks at 1445 cm-1 and 1540 cm-1, respectively. Extinction 
coefficients were used as reported by Tamura et al.91 
4.2.4 Reactivity studies 
 Reactivity experiments for the oxidation of methane over the catalysts prepared were 
performed in a packed bed reactor using a steam to carbon ratio of 1 and an oxygen to carbon 
ratio of 0.2. The studies were conducted using 200 mg of catalyst sieved to 75 µm. Catalyst 
samples were activated in-situ at 723 K in nitrogen for an hour prior to reactivity studies in all 
the reactivity experiments. A space velocity of 3000 h-1 of reactant gas diluted in nitrogen (5% 
CH4) was employed. A 100 ccm total flowrate of gas was used. The reaction temperature was 
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450 oC and pressure was atmospheric. The reactor was connected to an online Bruker 450-GC 
refinery gas analyzer (RGA) and a Hiden HPR20 mass spectrometer. The RGA is equipped with 
two TCD detectors and an FID. One TCD is used for analysis of hydrogen and the second for 
analysis of permanent gas mixtures (including methane). The FID channel allows for 
identification of methane and higher hydrocarbons as well as alcohols. The TCD for hydrogen 
gas analysis uses a molsieve 5A column, the TCD for permanent gas analysis uses a Molsieve 
13x and Hayseep Q columns in series, and the column to the FID is a BR-1. The GC was 
calibrated for all reactant and product gases by flowing 3-4 known amounts of the gas in 
question at the same temperature used in the selective oxidation reaction (723 K) and monitoring 
the peak areas. Product gas was sampled at 20 minute intervals using the RGA. The mass 
spectrometer equipped with a Faraday detector was used for hydrogen and steam analysis by 
monitoring the signal at m/z of 2 and 18 respectively in continuous Multiple Ion Detection 
(MID) mode. The mass spectrometer was also used for oxygen analysis by monitoring the signal 
at m/z of 32, 31 and 46. The following definitions were used: 
Conversion: 𝑋" % = 	
&8,+,	-	&8,./0
&8,+,
 x 100 
C Product Yield: 𝑌2	 % = 	
&4,./0
34	.		&'(),+,
 x 100 
H2 Yield: 𝑌97	 % = 	
&(6,./0
	(7.&'(),+,;	&(6<,+,)
 x 100 








4.3.1 NiO/CZ_SEA synthesis optimization 
4.3.1.1 Determination of point of zero charge 
 At the point of zero charge (PZC), the support surface has a net neutral charge. At pH 
values below the PZC, the surface of the support is positively charged or protonated and favors 
the adsorption of anionic species. When the pH value is above the PZC of the metal oxide 
support, the surface is negatively charged or deprotonated. This favors the electrostatic 
adsorption of cationic species. In this study, CZ was used as the support and NiO was deposited 
on CZ using a precursor of nickel (II) nitrate hexahydrate which is cationic. In order to determine 
the appropriate conditions to deposit Ni2+ on the metal oxide support via strong electrostatic 
adsorption, it is therefore important to determine the point of zero charge of the support of CZ. 
The plateau as seen in Figure 1 represents the PZC of CZ. It exists because the number of surface 
OH groups is significantly greater than the quantity of OH- ions initially present in solution.173 
This enables CZ to buffer the solution at its PZC. An intuitive picture of this surface chemistry is 
depicted in Figure 1. The PZC of CZ in this study was found to be around a pH of 7.9. This value 
was determined by plotting an x=y line across the pH plot and looking for its point of 
interception with the data points that constitute the plateau in Figure 2. Details of the theoretical 
model applied to the PZC plot can be found in the literature.163-164, 177-178 Two parameters of the 
model are adjustable based on the support used; the total number of charged sites Ns and the 
difference between pK1 and pK2 (ΔpK). For ceria, these values can be readily found in the 





Figure 4.1 Mechanism of electrostatic adsorption as proposed by J.R. Regalbuto.167 
It should be noted that ideally, an anionic precursor of Ni should be used since the PZC of CZ is 
on the high side.159 However, for this study, it is important to maintain the same Ni precursor 
(nickel (II) nitrate hexahydrate) that was used to prepare similar catalysts using other synthesis 
techniques which this catalyst will ultimately be compared with. Also, nickel (II) nitrate 
hexahydrate is the nickel precursor generally selected to prepare oxide-supported catalysts, due 
to its low cost, high solubility in water and decomposition at moderate temperatures.179 To 
facilitate electrostatic adsorption using the cationic precursor of nickel (II) nitrate hexahydrate, 
the net surface charge of the support needs to be negative (or at a pH above the PZC of 7.9). In 
this study a pH of 9.5 was used to ensure that the surface of CZ is negatively charged and also 
that precipitation does not occur. The amount of Ni uptake by this method (as well as other 




















Figure 4.2 Experimental PZC data fit with theoretical model. Adjustable parameters, PZC = 7.9. 
Adjustable theoretical model parameters; difference between pK1 and pK2 (ΔpK) = 6.0, Number 
of charged sites (Ns) = 8 OH.nm-2 at 25 oC.164 
4.3.2 Characterization of NiO/CZ catalysts prepared by DI, SEA and CP 
4.3.2.1 Structural and textural properties of catalysts prepared using different synthesis 
techniques 
 Table 4.1 shows the results from elemental analysis and N2 physisorption. From 
elemental analysis, it was found that 2NiO/CZ_DI contained 1.96 wt.% nickel and 
2NiO/CZ_SEA contained 1.95 wt.% nickel. The catalysts prepared using co-precipitation with 
different nickel loading, which are referred to as 2NiO/CZ_CP, 4NiO/CZ_CP, 6NiO/CZ_CP and 
10NiO/CZ_CP contained 1.93, 3.97, 5.91 and 9.94 wt.% nickel respectively. The molar ratio of 





















reported in Table 4.1. The surface area and pore volume of the catalysts as determined by N2 
physisorption are also reported in Table 4.1. The BET surface area of all the samples with nickel 
oxide are within ±8% of the CZ sample without nickel oxide. The samples prepared by DI and 
SEA had BET surface area slightly lower than that of pure CZ while the BET surface areas of the 
samples prepared by CP with nickel loading ≥ 4 wt.% were slightly higher than that of pure CZ. 
The BJH desorption pore volumes of samples prepared by CP were slightly lower than samples 
prepared by DI and CP as well as pure CZ sample.  Pyridine adsorption measurements found 
dispersions of 31% for 2NiO/CZ_SEA and 25% for 2NiO/CZ_DI. 
Table 4.1 Physicochemical properties of catalysts 






CZ 83:17 N/A 85.1 0.097 
2NiO/CZ_DI 83:17 1.96 78.1 0.098 
2NiO/CZ_SEA 83:17 1.95 77.8 0.098 
2NiO/CZ_CP 84:16 1.93 83.2 0.078 
4NiO/CZ_CP 84:16 3.97 85.2 0.075 
6NiO/CZ_CP 83:17 5.91 87.1 0.072 
10NiO/CZ_CP 84:16 9.94 89.5 0.070 
 
The phase structures of the catalysts prepared using different synthesis techniques were 
analyzed by x-ray diffraction (Figure 4.3a). All samples showed major contributions around 28˚, 
33˚, 47˚, 56˚, 59˚, 69˚, 76˚ and 79˚, which can be indexed to (111), (200), (220), (311), (222), 
(400), (331), and (420) of the face-centered cubic (fcc) fluorite-type structure of ceria, 
respectively.180-181 Previous studies showed that the most intense peak for pure ceria and pure 
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zirconia were found at similar diffraction angles.87 A ceria and zirconia mixture in separate 
phases would therefore result in one broad peak that could be deconvoluted into two peaks 
corresponding to contributions from ceria and zirconia respectively. The narrowness of the peaks 
of ceria-zirconia indicates that the ceria-zirconia is a solid solution, not separate ceria and 
zirconia-rich phases. By closely comparing the (111) diffraction peaks for the fluorite structure 
as seen in Figure 4.3b, it is seen that the position of the catalysts prepared using CP shifted to the 
left with increasing Ni loading but remained nearly unchanged for catalysts prepared using DI 
and SEA. In addition to the fcc fluorite peaks for ceria structure, some weak diffraction peaks 
were observed at 2q equals 37.5°, 43.5° and 63° on some catalysts. These peaks correspond to 
(111), (200) and (220) crystal planes of face-centered cubic NiO respectively.180, 182 The peaks 
linked with NiO phases were present in 10NiO/CZ_CP and a very minor contribution is also 
seen on the diffraction trace of 6NiO/CZ_CP.  
 
Figure 4.3 (a) XRD pattern of NiO/CZ catalysts prepared using different synthesis techniques 
(b) the corresponding magnification of the (111) diffraction lines of ceria at 28.9˚ shown in (a). 
 



































4.3.2.2 Lewis acidic characteristic and dispersion of nickel oxide on catalysts 
 The FTIR spectra of NiO/CZ prepared using different synthesis techniques (DI, SEA and 
CP) after pyridine adsorption only showed bands at 1445 cm-1, which is characteristic of Lewis 
acid sites (LAS) (Figure 4.4a). Bands at 1540 cm-1 corresponding to pyridinium ions protonated 
on Brønsted acid sites (BAS) were not seen (Figure 4.4a). The concentration of Lewis acid sites 
on the catalysts prepared using DI, SEA and CP with 2 weight percent metal loading were 86, 
105 and 30 µmol.g-1 respectively. The difference in the LAS concentration of these samples 
which have the same metal oxide concentrations indicates that the metal oxides were dispersed 
differently on each of these catalysts. The LAS concentration is highest on the catalyst prepared 
using SEA followed by DI and then CP. Since most of the NiO particles adsorb on the surface of 
CZ on the catalysts prepared by SEA and DI,159 the dispersion of metal oxide on these catalysts 
were calculated from the amount of pyridine adsorbed. The dispersion of nickel oxide on 
NiO/CZ_SEA and NiO/CZ_DI were 0.31 and 0.25 respectively. It must be noted that these 
dispersions reported are lower limits because it may not be possible to adsorb pyridine on two 
adjacent Lewis acid sites because of the molecular size of pyridine. The hypothesis behind the 
SEA approach to catalyst preparation is that monolayer adsorption of metal complexes on 
surface charge via strong electrostatic adsorption prevents agglomeration during calcination and 
lead to small well-dispersed metal oxide particles.167 Therefore, it is not surprising that SEA 
synthesis technique resulted in a catalyst (NiO/CZ_SEA) with higher dispersion of nickel oxide 
compared to the catalyst prepared using traditional dry impregnation (NiO/CZ_DI). The catalyst 
prepared using CP showed a significantly lower concentration of LAS than the other catalysts as 
seen in Figure 4.4b. In this technique, only the fraction of nickel that remains on the surface will 
adsorb pyridine leading to a smaller measured concentration of LAS on this sample. The 
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dispersion of this sample (NiO/CZ_CP) can also not be measured from pyridine adsorption as 
was the case with catalysts prepared using DI and SEA.  
 
Figure 4.4 (a) FTIR spectra of pyridine on catalysts at 150 ˚C showing adsorption on Lewis acid 
sites (band at 1445 cm-1) (b) Concentration of Lewis acid sites on catalysts prepared using 
different synthesis techniques with 2 wt.% nickel. Numbers in bracket represent dispersion of 
nickel oxide measured from the amount of pyridine adsorbed. 
 Several catalysts with different weight loading of Ni was prepared using CP to determine 
the optimum loading of Ni on CZ using this synthesis technique. Pyridine adsorption followed 
by FTIR spectroscopy was also used to determine the concentration of acid sites on these 
catalysts. Like the other catalysts, these catalysts only showed IR bands corresponding to Lewis 
acid sites with no contribution from Brønsted acid sites on the IR spectra (Figure 4.5a). The 
concentration of Lewis acid sites increased with increasing loading of Ni as seen in Figure 4.5b. 






































The concentration of Lewis acid sites on 2NiO/CZ_CP, 4NiO/CZ_CP, 6NiO/CZ_CP and 
10NiO/CZ_CP were 30 µmols, 35 µmols, 66 µmols and 68 µmols respectively. 
 
Figure 4.5 (a) FTIR spectra of pyridine on NiO/CZ_CP catalysts at 150 ˚C showing adsorption 
on Lewis acid sites (b) Concentration of Lewis acid sites on NiO/CZ_CP catalysts with different 
Ni loading 
4.3.3 Performance of catalysts prepared using different synthesis techniques 
 The initial conversion of methane was about 20% for 2NiO/CZ_SEA, 18% for 
2NiO/CZ_DI and 14% for 2NiO/CZ_CP, respectively (Figure 4.6a). For 2NiO/CZ_SEA, the 
methane conversion decreased and stabilized around 18%, while 2NiO/CZ_DI deactivated and 
stabilized around 15% and 2NiO/CZ_CP stabilized around 12% over the 8 hours of the reaction 
run (Figure 4.6a). Methanol, ethanol, carbon dioxide and traces of aromatics comprised the 
carbon containing products formed. (Figure C.1). The selectivity of alcohols (methanol and 
ethanol) formed over 2NiO/CZ_SEA was 39% initially and increased and stabilized over 47% 
during the duration of the reaction as seen in Figure 4.6b. For 2NiO/CZ_DI, the selectivity to 





































alcohols starts around 34% and increases slightly and stabilized around 43% after 5 hours of 
reaction. When the reaction was performed over 2NiO/CZ_CP, the selectivity to alcohols starts 
around 39% and increases slightly and stabilized around 47% during the duration of the reaction.  
 The weight loading of Ni on catalysts prepared using CP was varied in order to find the 
optimum loading using this synthesis technique. 4, 6 and 10 wt.% NiO/CZ were prepared for this 
purpose. When the reaction was run over 4NiO/CZ_CP for 8 hours, the initial conversion of 
methane was 18%. The conversion of methane gradually decreased and attained a steady state 
methane conversion of 15% after 4 hours of reaction as seen in (Figure 4.6c). For 6NiO/CZ_CP, 
the initial conversion of methane was over 20%. The conversion of methane decreases and 
stabilized around 17% after 4 hours of reaction. 10NiO/CZ_CP resulted in an initial methane 
conversion over 26%. This conversion decreased quite rapidly and stabilized around 17% after 6 
hours of reaction. The measure of catalytic performance as a result of an increase in Ni loading 
was deduced from the yields of alcohols formed over each of the catalyst used. The yields of 
alcohols over catalysts prepared from co-precipitation with Ni loadings of 2, 4, 6 and 10 wt.% 
were 5.6%, 6.7%, 7.1% and 5.5% respectively as seen in Figure 4.6d which indicates that 6 wt.% 




Figure 4.6 Reactivity results of catalysts during reactions with of methane, steam and oxygen in 
a packed bed reactor setup at 450 ˚C and 1 atm. (a) conversion of methane over 2NiO/CZ 
prepared from different techniques (b) alcohol selectivities over 2NiO/CZ prepared from 
different techniques (c) conversion of methane over NiO/CZ_CP with different Ni loading (d) 
yields of alcohol over NiO/CZ_CP as a function of Ni loading 
 The amount of carbon deposit was measured by performing a carbon balance on the 
carbon containing products during the reaction. On 2NiO/CZ_SEA, 2% of carbon was initially 
deposited on the catalyst. The deposition of carbon reduced and stopped after 6 hours of reaction 
as seen in Figure 4.7a. The reaction over 2NiO/CZ_DI showed an initial carbon deposit of 2.6% 




































































































which decreased to around 0.1% during the course of the reaction. 2NiO/CZ_CP showed an 
initial carbon deposit of 1.5% which slightly decreased and stopped after 6 hours of reaction. An 
increase in the amount of Ni content on the catalyst prepared using co-precipitation resulted in an 
increase in the amount of carbon deposit. When the reaction was run over 4NiO/CZ_CP, the 
amount of carbon deposit was 3% initially and it decreased over the course of 6 hours until no 
additional carbon was deposited. The reaction run over 6NiO/CZ_CP resulted in an initial carbon 
deposit of 3.5% which decreased within 6 hours until only little traces of carbon was being 
deposited. Over 10NiO/CZ_CP, the initial carbon deposit was slightly over 4% and decreased 
within 6 hours until only traces carbon was being deposited (Figure 4.7b). CHN analysis of these 
catalysts after reaction for 8 hours showed that 2NiO/CZ_SEA contained 2.09% carbon, whereas 
2.9% carbon was deposited on 2NiO/CZ_DI while 1.87% of carbon was deposited on 
2NiO/CZ_CP (Figure 4.7c). 4NiO/CZ_CP, 6NiO/CZ_CP and 10NiO/CZ_CP contained 2.93%, 




Figure 4.7 Carbon content on catalyst from reaction with methane (a) Carbon deposit on 
2NiO/CZ prepared from different techniques calculated from C balance during reaction run (b) 
weight of carbon deposit on spent 2NiO/CZ prepared from different techniques as determined 
from CHN analysis (c) carbon deposit on NiO/CZ_CP with different loadings of NI calculated 
from C balance during reaction run (d) weight of carbon deposit on spent NiO/CZ_CP catalysts 
with different Ni loadings as determined from CHN analysis 
4.4 Discussion 
4.4.1 Structure and location of NiO on Ceria-Zirconia 
 Several studies have shown that the activity of supported metal or metal oxide catalysts 
depends strongly on the method of catalyst preparation.183 Several phenomena have been 
highlighted as reasons for this influence of catalyst preparation method on its activity. Strong 

























































































metal-support interaction183-184 and the effect of the particle size of the metal or the metal 
oxide183, 185 are considered to be of paramount importance. Several studies have shown that on a 
ceria support, Ni can exist in two forms. NiO phases on the ceria surfaces which is usually 
predominant when the catalyst is prepared using impregnation technique180, 182, 186 or as Ni2+ ions 
incorporated into the ceria lattice which happens when precipitation or other bulk synthesis 
technique is employed for the catalyst synthesis.180, 182 The extent of Ni2+ incorporation into the 
ceria lattice in the catalysts used in this study were measured from x-ray diffraction analysis of 
the catalysts. As seen on Figure 4.3b, an enlargement of the (111) peak of the fluorite lattice of 
ceria showed some shifts to the left of this peak on some of the catalysts containing Ni compared 
to pure CZ support. These shifts to the left indicates that some Ni2+ were incorporated into the 
ceria lattice to form a solid solution with the typical cubic fluorite structure for the mixed 
system.180, 187-188 These peak shifts were more apparent on the catalysts prepared using CP. The 
shifts also increased as the Ni content on the CP catalysts were increased indicating that Ni2+ 
were mostly incorporated into the lattice when they catalysts were prepared using CP and only a 
fraction of Ni are available as surface Lewis acid NiO sites. The lattice parameters of the crystal 
structure of ceria was calculated on each of the catalysts prepared by using the positions of line 
(111) on the XRD traces and Bragg’s law. The lattice parameter of CZ was calculated to be 
0.5348 nm which is very similar to that determined theoretically by Vegard’s law (0.5357 nm) 
and similar to other values reported in the literature.189-190 While the lattice parameter remained 
approximately the same for 2NiO/CZ_DI and 2NiO/CZ_SEA compared to CZ without any Ni, 
the lattice parameter is seen to increase linearly on NiO/CZ_CP with increasing Ni content 
(Figure 4.8). An increase in the lattice parameter of ceria is often due to the presence of defects 
and impurities in the lattice structure.188 In this case, the progressive introduction of Ni2+ into the 
82 
	
crystal lattice of ceria-zirconia by co-precipitation, resulted in the linear increase in the lattice 
parameter with an increasing loading of Ni. When the concentration of Lewis acid sites was 
compared for catalysts with 2 wt.% Ni prepared using different synthesis techniques, the catalyst 
prepared by CP showed a significantly lower LAS concentration compared to catalysts prepared 
using the other two synthesis technique as seen in Figure 4.4. Ni therefore exists in 2 
predominant phases on the catalysts prepared using co-precipitation. While some amount of Ni2+ 
is incorporated into the lattice, a fraction of Ni remains on the surface as Lewis acidic NiO. Upon 
observation of the XRD traces (Figure 4.3a), no NiO diffraction peaks lines were seen for CP 
catalysts with 2wt.% Ni and 4wt.% Ni suggesting that the nickel oxide is either amorphous or 
very small and well-dispersed below the detection limit of XRD. The peaks linked to NiO phases 
had very minor contribution on CP catalyst with 6 wt.% Ni which means that some bigger NiO 
particles detectable by XRD were formed. NiO phase contribution was even more pronounced on 
the catalyst with 10wt.% Ni which means that significantly bigger NiO particles were formed on 
this catalyst (Figure 4.3a). Also, the LAS concentration of 10NiO/CZ_CP is approximately the 
same as that of 6NiO/CZ_CP which could indicate that in addition to the incorporation of nickel 
into the ceria-zirconia lattice, a good amount of the additional nickel formed bigger NiO clusters 




Figure 4.8 Lattice parameter of fluorite cubic structure of ceria as a function of Ni loading 
The catalyst prepared using dry impregnation (2NiO/CZ_DI) showed a significantly 
higher LAS concentration than 2NiO/CZ_CP. Also, the lattice parameter of the cubic structure of 
ceria on 2NiO/CZ_DI is the same as that of CZ. This indicates that Ni primarily exists on the 
surface of this catalyst as Lewis acidic NiO as opposed to being incorporated into the crystal 
lattice of CZ as was the case with the catalysts prepared using co-precipitation. However, it is 
speculated that the strength of metal support interaction from impregnation technique is not high 
enough to prevent some agglomeration of NiO particles on the surface during calcination.167 
Therefore, the improvement of the dispersion of NiO on the surface can be attained by using a 
synthesis technique that promotes a stronger metal support interaction. Nevertheless, ceria was 
shown to stabilize very small, well-dispersed nickel oxide clusters even using impregnation 
technique of synthesis for the conversion of methane to alcohols.102 
 In the case of 2NiO/CZ_SEA, the lattice parameter of the cubic structure of ceria upon 
the introduction of nickel is the same as that of ceria-zirconia without any nickel and the position 
of the (111) diffraction peak of ceria-zirconia remained the same compared to pure ceria-
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zirconia. This confirms that Ni primarily exists on the surface layer as NiO particles and there is 
significantly minor incorporation into the lattice. This catalyst also showed very high nickel 
oxide dispersion of 31% compared to 2NiO/CZ_DI which indicates that strong metal support 
interactions which is introduced by using SEA synthesis technique suppressed the agglomeration 
of nickel oxide on the surface during calcination. An improvement of metal or metal oxide 
dispersion on catalytic support has been shown in several literatures when SEA was used rather 
than impregnation for catalyst synthesis.167, 191-193  
4.4.2 Catalyst performance and carbon deposit 
 The effect of the structure and location of nickel species on the catalytic activity was 
illustrated by the performance of the catalysts prepared using different synthesis technique (DI, 
SEA and CP) for the conversion of methane to alcohols at 450 °C for 8h using a steam to carbon 
ratio of 1 and an oxygen to carbon ratio of 0.2. The reactivity of 2NiO/CZ_DI was reported in 
previous studies.100 This catalyst showed a cumulative alcohol selectivity of 43% on a C atom 
basis. Hydrogen, CO2 and traces of aromatics were also seen as products on this catalyst. In the 
initial stage of the reaction, 2.6% of the carbon deposits were formed. Within 5h, the deposition 
of carbon decreased to 0.23% and remained around this level for the remaining course of the 
reaction. It was suggested from this observation as well as the formation of even more carbon 
deposit on a catalyst that was intentionally prepared with big NiO clusters that carbonaceous 
deposits were formed on the larger NiO clusters while the well-dispersed NiO clusters remained 
active. Therefore, in this study, specific aim was directed at improving the activity of NiO/CZ by 
using different synthesis techniques to prevent the formation of these larger NiO clusters that are 
responsible for the formation of carbon deposit.  
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 The catalyst prepared using SEA (2NiO/CZ_SEA) showed improved reactivity compared 
to 2NiO/CZ_DI. On a specific basis, this catalyst converted more amount of methane and in turn, 
produced more alcohols. Furthermore, if one analyzes the conversion of methane relative to the 
moles of nickel present in the catalyst (specific activity), it can be seen that the 2NiO/CZ_SEA 
sample uses the nickel present more effectively than 2NiO/CZ_DI (Figure 4.9a). This indicates 
that more nickel present on the catalyst were used for the conversion of methane. The higher 
dispersion of nickel on 2NiO/CZ_SEA compared to 2NiO/CZ_DI (Figure 4.4b) means that fewer 
large NiO particles were formed on 2NiO/CZ_SEA. Since these large NiO particles are 
responsible for the formation of carbon deposit and are inactive for alcohol formation, it is 
reasonable that less amount of carbon deposit formed on 2NiO/CZ_SEA compared to 
2NiO/CZ_DI (Figure 4.7).  
 
Figure 4.9 Specific activity (Conversion/µmols Ni) (a) catalysts prepared using different 
synthesis techniques with 2 wt.% nickel (b) catalysts prepared using co-precipitation with 
different weight loadings of nickel 
 The catalyst prepared using CP with 2 wt.% nickel loading (2NiO/CZ_CP) showed lower 
conversion of methane compared to 2NiO/CZ_DI but higher cumulative selectivities to alcohols 































































(Figures 4.6a and b). The specific activity of this catalyst was lower than that of 2NiO/CZ_DI. 
These observations indicate that this catalyst although comprises of a higher fraction of active 
sites for the formation of alcohols compared to 2NiO/CZ_DI, less amount of nickel present on 
the catalyst were used for the conversion of methane. On this catalyst, some fraction of nickel 
was incorporated into the lattice of ceria to form a solid solution as have been discussed in the 
previous section. This phase of nickel is not accessible for the conversion of methane. The high 
selectivity of alcohol on this catalyst indicates that the fraction of nickel oxide that are accessible 
on the surface seems to be very well dispersed. The fraction of well-dispersed accessible nickel 
oxide on catalysts prepared using co-precipitation was therefore improved by increasing the 
weight loading of nickel. A specific aim was directed towards finding an optimum weight 
loading that results in the formation of the highest amount of surface nickel oxide for the 
conversion of methane to alcohols. As the loading of nickel was increased, a decrease in the 
specific activity was observed for these catalysts (Figure 4.9b). This indicates that a smaller 
amount of nickel in the catalysts were utilized for methane conversion because more nickel was 
incorporated into the ceria lattice. However, an increasing activity of the catalyst based on the 
cumulative yields of alcohols were observed with a maximum at 6 wt.% nickel loading. The 
yield of alcohols declined when the nickel loading was increased further to 10 wt.% because 
since the surface area of ceria-zirconia is limited, a large amount of nickel on the surface will 
result in the formation of larger nickel oxide clusters which was confirmed by the XRD results. 
The amount of carbon deposited on the catalysts also progressively increased as the nickel 
loading was increased. The increase in carbon deposit was very significant on the catalyst with 
10 wt.% nickel. This confirms that more surface nickel oxide particles were formed as the 
amount of nickel increased. This formation of more nickel oxide on the surface provided more 
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active sites for the formation of alcohols until the point where significant amount of big NiO 
clusters formed which resulted in higher formation of carbon deposits and a decrease in alcohol 
yields. 
4.5 Conclusions 
 The present results show that preparation methods drastically affect the size and location 
of nickel in ceria-zirconia. In the case of strong electrostatic adsorption (2NiO/CZ_SEA), where 
the preparation method leads to strong metal support interactions, the nickel particles are 
primarily on the surface as Lewis acidic NiO clusters and are very small and well dispersed 
compared to the catalyst prepared using traditional dry impregnation. This was determined using 
pyridine adsorption which showed that NiO/CZ_SEA adsorbed more pyridine than 
2NiO/CZ_DI. As a result, the activity of the catalyst prepared using SEA in terms of methane 
conversion and alcohol selectivities was better than the catalyst prepared using DI. On the 
catalysts prepared using co-precipitation, two different phases of nickel were formed. A fraction 
was incorporated into the ceria-zirconia lattice to form a solid solution. The rest were available 
as Lewis acidic NiO clusters on the surface. Because of the incorporation of Ni2+ into the ceria-
zirconia lattice, a significantly amount of nickel on the catalyst was not utilized for methane 
conversion. However, the Lewis acidic surface NiO which are accessible on the surface were 
very dispersed as evidenced by the high cumulative selectivities to alcohols. The optimum 
loading of nickel that leads to the best amount of well-dispersed surface NiO particles for alcohol 
formation using co-precipitation was found to be 6 wt.% as this catalyst had the best yield of 
alcohols. The yield of alcohols decreased when the loading of nickel was increased to 10 wt.% 
because due to the limited surface area of ceria-zirconia, an increased amount of big NiO clusters 
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were formed on the surface which led to an increased formation of carbon deposit and a low 
yield of alcohol. 
 A broader implication of this work would be to improve the activity of NiO/CZ even 
further for the conversion of methane to alcohols in a single reactor. This can be achieved 
through careful preparation of catalyst and characterization at each step of synthesis. A synthesis 
technique that avoids agglomeration of NiO and leads to very small and well-dispersed particles 
















UNDERSTANDING THE ROLE OF “ROADBLOCKS” IN CATALYST 
DEACTIVATION DURING HYDRODEOXYGENATION OF PYROLYSIS-OIL 
MODEL COMPOUNDS 
5.1 Background 
 Biomass energy is gaining increased attention as an alternative to depleting fossil 
fuels because of its renewability.194 Biomass currently contributes 10-14% of the world’s main 
energy production. This includes 3% of energy for transportation.195 There is also a potential to 
increase the contribution to transportation energy up to 30 – 40% by 2050.196 Therefore, the 
development of an efficient path for the utilization of biomass as a source of energy is highly 
important. Flash pyrolysis, which involves a thermochemical decomposition of biomass at 
elevated temperatures in the absence of oxygen, is an attractive approach for utilizing biomass. 
Pyrolysis oils which account for 70% of the products from flash pyrolysis of biomass cannot 
directly be used as a transportation fuel due to their high oxygen content.43 Upgrading of 
pyrolysis oil is therefore required to eliminate oxygenated groups and improve the thermal and 
chemical stabilities, heating values, and volatility of pyrolysis oils. Hydrodeoxygenation (HDO) 
is an evolving technology for upgrading pyrolysis oils, where the oxygenated functional group is 
removed as water in the presence of excess hydrogen gas.45, 194, 197-198 
HDO is a very similar process to and proceeds simultaneously with hydrodenitrogenation 
(HDN) and hydrodesulphurization (HDS) during hydro processing of liquid fuels.199-200 As a 
result, early work studied sulfided NiMo and CoMo catalysts, which showed high activity for 
HDN and HDS.201-202 These catalysts, however, displayed limited activity for HDO compared to 
monometallic or bimetallic Rh based catalyst supported on zirconia.203 However, during HDO 
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over sulfided NiMo and CoMo catalysts, sulfides are converted into inactive oxides unless toxic 
hydrogen sulfide is supplied to keep the catalysts in the active sulfide phase.204 Learning from 
these drawbacks of sulfided catalysts, several noble and transition monometallic or bimetallic 
catalysts were extensively studied for HDO.47-48, 51, 205-221 In many cases, these catalysts combine 
the metal functionality with acid sites, which can catalyze oxygen removal by dehydration 
steps.209-210, 216, 222 While some of these catalysts require a high hydrogen pressure or convert 
aromatics to products with saturated rings, they generally display high initial activity in HDO 
reactions. Particularly, Pt/HBEA displays good activity for HDO of anisole and m-cresol at 
atmospheric pressure producing deoxygenated aromatics such as benzene, toluene, and xylene.51, 
216, 222 Ga/ZSM-5 has also shown a high initial activity for the upgrading of pine vapors into 
olefins, aromatic hydrocarbons, naphthalene, alkyl naphthalenes, and alkyl anthracenes.223 
However, zeolite-based HDO catalysts consistently deactivate within a few hours on stream. 
Despite the significance of catalyst deactivation in HDO, only few studies investigated 
deactivation pathways during HDO of model compounds in detail. Coking has been suggested as 
the most common deactivation path in HDO studies.224-225 Studies of molybdenum sulfide-based 
catalysts also showed that various phenolic compounds could adsorb as phenate species on Lewis 
acid sites and poison the catalyst.226-228 A recent study used operando FTIR spectroscopy during 
HDO reactions of several model compounds over Pt/HBEA to elucidate the evolution of 
carbonaceous surface species.222 It showed coke formation occurs but that other surface species 
with lower molecular masses seem to be responsible for most of the deactivation. The formation 
of strongly chemisorbed catecholate species during HDO of guaiacol over HBEA and Pt/HBEA 
seemed to be particularly detrimental for catalytic activity. These strongly adsorbed species were 
suggested to form “roadblocks” at pore mouths or on the external surfaces of the zeolite framework 
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and consequently restrict the diffusion of reactants and products in and out of the pores since the 
pore sizes of zeolite BEA are only slightly larger than the reactants. In the case of HZSM-5 
catalysts, coke formation was speculated to cause blockage of active sites during upgrading of 
pyrolysis vapor.223 However, the effect of roadblocks has not been considered as an alternate 
deactivation path on HZSM-5 even though they have smaller pore mouths than HBEA and are 
therefore potentially more susceptible to roadblocks. 
In this work, a comprehensive picture of the effect of strongly adsorbed “roadblocks” on 
the catalyst reactivity during hydrodeoxygenation is provided. This work focuses on Pt/HBEA and 
Ga/HZSM-5, which have shown high activity for HDO reactions. For a rigorous assessment of 
their impact, “roadblocks” are deliberately introduced by adsorption of catechol onto the zeolite 
followed by heat treatment. The accessibility of the micropores of the zeolites, the metal sites on 
the zeolites and the Lewis and Brønsted acid sites of the zeolites upon the introduction of these 
catecholate “roadblocks” were studies. Also, the effect on the rate of deactivation of the catalysts 
due to roadblocks were quantified based on a first order deactivation model. 
5.2 Experimental 
5.2.1 Materials 
 Zeolite Beta (CP814E, SiO2/Al2O3 = 25) was purchased from Zeolyst.  Ga/ZSM-5 was 
obtained from the National Renewable Energy Laboratories. Pyrocatechol (≥99%), anisole 
(>99.7%), and tetraamine platinum (II) chloride hydrate (99.99%), and pyridine, 
CHROMASOLV Plus, for HPLC (≥99.9%) were purchased from Sigma-Aldrich. Hydrogen and 
helium (UHP grade 5) were purchased from Airgas. A Barnstead NANOpure ultrapure water 




5.2.2 Catalyst Synthesis 
 Zeolite Beta (HBEA) was calcined at 550 °C for 4 h. Pt/HBEA was prepared via wet 
impregnation method of HBEA with a dilute aqueous solution of Pt(NH3)4Cl2. The slurry was 
stirred for 12 h, followed by drying at 110 °C for 12 h. Subsequently, the catalyst was calcined at 
420 °C for 4 h. The weight loading of Pt used was 1.3 wt.%. Pt/SBA-15 was prepared as a reference 
catalyst using the same procedure and weight loading of Pt for the preparation of Pt/HBEA 
described above. To prepare SBA-15, Pluronic P-123 (24.0 g) was dissolved in distilled water (636 
mL) and concentrated HCl (120 mL) in a 2 L Erlenmeyer flask.  The solution was stirred for 3 
hours at room temperature. Tetraethyl orthosilicate (46.24 g) was added dropwise to the solution. 
The solution was then stirred continuously for 20 hours at 40 oC. The mixture was quenched and 
filtered with copious amounts of distilled water. The resulting white powder was then dried in an 
oven overnight at 75oC. Afterwards, the sample was put into a calcination oven. To calcine the 
white powder, it was heated to 200 °C at 1.0 °C min−1, held at that temperature for 2 hours, heated 
to 550 °C at 1.0 °C min−1, held at that temperature for 6 hours, and finally cooled to room 
temperature. SBA-15 was calcined again at 550 oC for 4 h prior to impregnation of Pt. Ga/HZSM-
5 was prepared from incipient wet impregnation of HZSM-5 with an aqueous solution containing 
the Ga nitrate precursors (Aldrich). The weight loading of Ga used was 3.5 wt.%. After 
impregnation with the metal nitrate aqueous solutions, the catalyst was dried for at least 3 h at 110 
˚C and then heated at 2 K/min to 550 ˚C in air and held for 3 h.  Following synthesis, catecholate 
roadblocks were introduced into the catalysts. The catechol was introduced into the catalysts via 
incipient wetness impregnation in which pyrocatechol was dissolved in DI water and stirred for 30 
minutes to form an aqueous solution before being added dropwise to each of the prepared catalysts 
collected in a beaker. The slurry was then stirred for 2 h and dried at 100 °C for another 2 h to 
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remove water. High and low weight loading of catechol were added to Pt/HBEA (Table 2)The 
sample with high loading comprises of 6.48 wt.% of catechol and is referred to as Pt/HBEA_RBH 
in this manuscript. The sample with low weight loading contains 1.09 wt.% of catechol and is 
referred to as Pt/HBEA_RBL. The catecholate loading on this sample is equivalent to 25% of the 
Lewis acid sites (LAS) concentration. A catecholate weight loading of 2.71% was used in the 
Ga/HZSM-5 sample and it is referred to as Ga/HZSM-5_RB.  
5.2.3 Characterization 
 Nitrogen physisorption measurements were carried out on a Micromeritics ASAP 2020 
physisorption / chemisorption analyzer. The catalysts were degassed at 200 oC for 4 h prior to 
measurement. Micropore areas and volumes were calculated on the basis of the t-plot method. H2 
chemisorption was performed in a Micromeritics Autochem II 2920 physisorption/chemisorption 
analyzer equipped with a TCD detector. The samples were degassed at 100 oC for 1 h and at 400 
oC for 15 min. The samples were then cooled to 100 oC and held for 15 min. Next, the samples 
were reduced under hydrogen flow at 400 oC for 1 h and evacuated for another hour. The 
temperature was decreased to 40 oC, and pulse H2 chemisorption analysis was performed. A 
H2/metal stoichiometry of 0.5 was used to calculate accessible metal sites. To determine the 
amount of Pt metal deposited, Pt/HBEA was sent to Galbraith Laboratories for inductively 
coupled plasma-atomic emission spectroscopy (ICP-AES) analysis. Pyridine adsorption followed 
by FTIR spectroscopy was performed using a Nicolet 8700 FTIR spectrometer with an MCT/A 
detector. Each spectrum was recorded with 64 scans with a resolution of 4 cm-1. Each sample 
was pressed into a translucent, self-supported wafer and loaded into a vacuum FTIR transmission 
cell. The sample was activated at 450 oC for 1 h under high vacuum followed by a reduction in 
H2 at 400 oC for 1 h. The reduction was carried out in multiple steps. 10 mbar of H2 was dosed 
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for 10 mins followed by evacuation for another 5 mins. This procedure was repeated 6 times. 
The wafer was then cooled to 150 oC and a background spectrum was taken. The chamber was 
dosed with 0.10 mbar of pyridine for 30 mins or until adsorption equilibrium of pyridine was 
reached. Subsequently, the cell was evacuated for 12 h to remove physisorbed pyridine and a 
spectrum was taken. To determine the strength of acid sites, the sample was heated to 250 oC, 
350 oC, and 450 oC for 1 h, and a spectrum was taken at 150 oC. After each experiment, the 
density of the wafer was determined by using a circular stamp of 6.35 mm to cut a disc of 
specific size from the wafer. The concentration of Lewis and Brønsted acid sites were 
determined by the Beer-Lambert law using the integral of the peaks at 1445 cm-1 and 1540 cm-1, 
respectively. Extinction coefficients were used as reported by Datka et al.137  CO adsorption 
followed by FTIR spectroscopy was performed on a self-supported wafer of Pt/HBEA material. 
The pellet was placed in a custom-made IR transmission cell, pre-heated and reduced in a flow 
of hydrogen (1 bar) with a heating ramp rate of 5 K/min and dwell time of 1 h at 120 ˚C and 300 
˚C. After reduction, the cell was evacuated to 3E-8 bar and the sample was cooled down to 50 
˚C. The catalyst was then exposed to 10% CO in helium at a static pressure of 0.2 bar for 30 min. 
In the next step, the sample was evacuated to 3E-8 bar and heated up to 400 ˚C with a ramp of 5 
K/min. IR spectra were recorded on a Perkin-Elmer 2000 FT-IR spectrometer with 4 cm-1 
spectral resolution and 32 scans per spectrum. The background spectra were recorded prior 
drying/reduction and immediately before CO exposure. During CO-TPD, IR spectra were 
constantly recorded every 4 min approximately. CHN analysis was performed at Atlantic 





5.2.4 Adsorption of catechol roadblocks on HDO catalysts 
 The adsorption of catechol on the HDO catalysts was observed using a Nicolet 8700 
FTIR spectrometer with an MCT/A detector. Each spectrum was recorded with 64 scans at a 
resolution of 4 cm-1. HBEA, Pt/HBEA and Ga/ZSM-5 loaded with catechol equal to 10% of their 
pore volumes were pressed into self-supported wafers and each loaded into a vacuum FTIR 
transmission cell. The samples were activated at 400 oC for 1 h under high vacuum (<10-6 mbar), 
heated at 100, 200, 300 and 400 oC for 1 h, and a spectrum was collected at each temperature. 
Spectra of blank catalyst samples without catechol were collected and used as subtrahend for 
difference spectra under the same temperature. 
5.2.5 Thermal gravimetric analysis 
 The loading of catechol on the catalysts was determined using a TA instruments SDT Q600 
TGA. An empty alumina crucible was used to tare the TGA before each analysis. Individual 
samples were then loaded on the crucible and put in the TGA for analysis. The samples were 
ramped to 800 °C at 10 °C/min in a 100 mL/min flow of dry air. The stability of catechol on the 
catalysts was also determined in same instrument and conditions under the flow of nitrogen. 
5.2.6 Catalytic performance  
 The catalytic performance of the fresh and roadblock catalysts for the 
hydrodeoxygenation of anisole were tested in a trickle-bed reactor. A stainless steel tube (0.25 
in. outer diameter with a wall thickness of 0.035 in.) was used as the reactor. The reactor was 
mounted in an insulated furnace. A thermocouple was placed in the middle of the reactor, and it 
was connected to a Eurotherm 2416 temperature controller. A catalyst bed with a mass of 
approximately 100 mg was used in all experiments. Quartz wool was placed at both ends of the 
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catalyst bed to keep the catalyst in place. Anisole was fed into the reactor using a Teledyne ISCO 
model 500D syringe pump. Each experiment was performed at 400 °C and atmospheric pressure. 
The catalysts were all reduced in the reactor for 1 h at 400 °C with 80 mL/min of hydrogen flow 
before anisole was fed. All the lines were heated to 300 °C to prevent condensation. A total 
hydrogen gas flow rate of 80 mL/min was used during the reaction. The H2/reactant molar ratio 
was kept at 50. The weight to feed ratio (W/F) defined as the ratio between the mass of the 
catalyst and the molar flow rate of the reactant was kept at 0.0259 gcat (mmolfeed.h-1)-1. The 
products were directly analyzed and quantified online using an Agilent 7890A gas 
chromatograph equipped with an HP-5 column and a flame ionization detector (FID). The 
following definitions were used: 
Conversion: 𝑋	 % = 	 &>,+,-	&>,./0
&>,+,
 x 100 
Yield: 𝑌2	 % = 	
&4,./0
&>,+,
 x 100 
Selectivity: Sp [%] = 
?4
@
 x 100 
 The catalysts’ deactivation profiles for anisole were calculated by assuming a first-order 
decay kinetic model.229 
For first-order decay, the activity is given by: 








)) = 	𝑘JKLMN. 𝑡 + 𝐶′ 
Where x is the fractional conversion of anisole at a given time and kDeact. is the first-order 




5.3.1 Catalyst Characterization 
 Surface area, pore volume, and dispersion were obtained from nitrogen physisorption and 
hydrogen chemisorption as shown in Table 5.1 below. 
Table 5.1 Nitrogen Physisorption and Hydrogen Chemisorption Results 
 N2 physisorption H2 chemisorption 





















HBEA 335 0.160 286 0.137 N.A.*   
ZSM-5 196 0.093 - - N.A.*   
SBA-15 - - - - N.A.*   
1.3 wt.% Pt/HBEA 287 0.138 99 0.046 41 2.7 7.7 
1.3 wt.% Pt/SBA-15 - - - - 34 3.3 32 
3.1 wt.% Ni/ZSM-5 178 0.085 83 0.039 35 3.2 1.9 
3.5 wt.% Ga/ZSM-5 















* Contains no metal 
† Non-reducible metal at conditions 
‡ Catechol roadblocks added equals 25% of Lewis acid sites in Pt/HBEA 
The introduction of metals using wet impregnation caused a loss in micropore volume and 
surface area (Table 5.1). This observation could indicate that the metal particles occupy a part of 
the micropore volume or that they restrict access to some pores. Similar trends have been reported 
in the literature.230 The micropore volume and surface area further decreased upon the introduction 
of catechol-derived surface species (i.e., roadblocks). Specifically, only 33% of the micropore 
volume remained accessible to nitrogen after the introduction of high weight loading of catechol 
derived species (6.48 wt.%) on Pt/HBEA, 85% of this micropore volume were accessible after the 
introduction of low weight loading of catechol derived species (1.09 wt.%) and 38% of the 
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micropore volume remained accessible on Ga/ZSM-5 after the introduction of 2.71 wt.% of 
catechol.  
 
Figure 5.1 N2 adsorption and desorption isotherms for HBEA and HZSM-5 series: comparison 
between (a) fresh HBEA, Pt/HBEA and HBEA_RB (b) fresh Pt/HBEA and Pt/HBEA_RB (c) fresh 
Ga/HZSM-5 and Ga/HZSM-5_RB.  
All the nitrogen isotherms (Figure 5.1) were type I, which is characteristic of microporous 
materials. After introduction of metals and catechol-derived species, there was a clear reduction 
of micropore volume in low P/P0 values (Figure 5.1). Upon the introduction of high loading of 
catechol-derived species in Pt/HBEA (Pt/HBEA_RBH), a significant portion of the micropores 







































































were blocked (Figure 5.1b).The introduction of a reduced amount of catechol on Pt/HBEA 
(Pt/HBEA_RBL) led to a significant reduction in the amount of micropores that were blocked. The 
effects of micropore blockage by catechol were even more pronounced in the HZSM-5-based 
samples, Ga/HZSM-5 (Figure 5.1c). 
Figure 5.2 shows the micropore distribution based on the Horvath-Kawazoe method with 
the Saito-Foley231-232 model for cylindrical pore geometry that is usually applied for zeolites.233-
235 HBEA-based zeolites (Figure 5.2a)  showed a reduction in the amount of micropores with a 
calculated pore size of 0.65 nm (micropore size very close to reported values in literature236). The 
calculated pore width of the HZSM-5-based zeolites were all around 0.62 nm (similar to literature 
values237). A similar decrease in the amount of micropores was observed for the HZSM-5-based 
materials upon the introduction of catechol-derived species (Figures 5.2b ).  
 
Figure 5.2 Horvath-Kowazoe microporous distribution for HBEA and HZSM-5 series: (a) fresh 
samples and roadblock Pt/HBEA, (b) fresh Ga/HZSM-5 Ga/HZSM-5_RB. 
H2 chemisorption indicated that the dispersion of metal particles in Pt/HBEA and Pt/SBA-
15  were 41% and 34% respectively. The concentration of accessible metal sites in Pt/HBEA and 
Pt/SBA-15 was reduced to 7.7% and 32.9%, respectively, when high loading of catecholates were 
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introduced. On Pt/HBEA with low weight loading of catecholates (Pt/HBEA_RBL), 16% of the 
metal sites remained accessible. GaOx did not reduce at 450 oC. Hence, it was not characterized 
by hydrogen chemisorption. Also, GaOx not Ga is the active site on this catalyst. 
Figure 5.3 shows the IR spectra obtained after adsorption of CO on Pt/HBEA_Fresh and 
Pt/HBEA_RB. On Pt/HBEA_Fresh, adsorption of CO resulted in the appearance of an asymmetric 
band with a maximum at 2080 cm-1. During temperature programmed desorption, this band 
appeared to shift towards lower frequency and approached 2050 cm-1 at 400 °C. On Pt/HBEA_RB, 
adsorption of CO resulted in a band at 2070 cm-1 with significantly lower intensity compared to 
Pt/HBEA_Fresh. This band also shifted to lower frequency during temperature programmed 
desorption and was completely removed at 300 °C. 
 
Figure 5.3 FTIR Spectra during temperature programmed desorption at 3E-8 bar following CO 






















 The concentration of Lewis (LAS) and Brønsted acid sites (BAS) on Pt/HBEA was slightly 
lower than that of HBEA (Figure 5.4). This could be a result of anchoring of some Pt particles on 
the peripherals of extra framework alumina238 that could block some zeolite pore mouths and 
reduce accessibility of pyridine to acid sites inside the zeolite pores. The concentrations of LAS 
and BAS sites on Pt/HBEA with catecholate roadblocks decreased compared to fresh Pt/HBEA. 
Catecholate species have been reported to form on Lewis acid sites,222, 226’239-241 which could, in 
part, result in this decrease in LAS concentration. Adsorption of catechol on some of the BAS 
could also, in part, account for the decrease in the BAS concentration. Additionally, catecholate 
roadblocks could be responsible for preventing the diffusion of pyridine into parts of the micropore 
network of HBEA. The fraction of LAS in Pt/HBEA_RBL that are accessible for pyridine was 
reduced by about 74% even though the amount of adsorbed catechol was only equivalent to 25% 
of the LAS concentration. The concentrations of LAS and BAS also decreased significantly for 
Ga/HZSM-5 with roadblocks compared to the fresh samples. Pt/SBA-15 only had a limited 
concentration of LAS of 39 µmol.g-1, which disappeared completely upon the introduction of 
catechol derived species into the framework. This indicates that these LAS in Pt/SBA-15 are most 
likely serving as a part of the binding sites for the catechol derived species. Pt/SBA-15 contained 






Figure 5.4 Concentration of (a) Lewis acid sites and (b) Brønsted acid sites of Blank Catalysts and 
Catalysts with Roadblocks. Numbers in parenthesis represent fraction of acid sites in roadblock 
catalysts to acid sites in blank catalysts. 
5.3.2 Temperature-programmed reaction of adsorbed catechol to roadblocks 
 After the adsorption of catechol on the catalyst materials (Pt/HBEA and Ga/HZSM-5), 
several peaks were observed (Figure 5.5). The peaks between 1618 and 1450 cm-1 are mainly due 
to the ν(C=C)ring vibrations of the aromatic ring.242 The peaks in this region shifted slightly in all 
materials compared to pure catechol. This can be attributed to the change in aromatic structure due 
to chemisorption of catechol derivative on a surface as opposed to physisorption in which the 
molecule remains the same. The δOH peak at 1361 cm-1 in the spectrum of pure catechol 
disappeared when catechol was adsorbed on Pt/HBEA and Ga/HZSM-5 at as low as room 
temperature and subsequent higher temperatures. This indicates that the hydrogen atom on the 
phenol had dissociated.226 At the same time, a peak around 1329 cm-1 appeared, which is due to 
one or more ν(C-O) vibrations.226 The formation of this new ν(C-O) vibration in additional to the 
disappearance of the peak at 1361 cm-1 again suggest the formation of chemisorbed surface 
species. Since the δOH peak disappeared entirely, it is safe to assume that the chemisorption occurs 

































































































removing physisorbed water does not lead to the removal of these surface species. The TGA 
analysis of catalyst samples loaded with catechol in air showed two peaks (Figure A.1). The first 
peak around 100 °C represents weight loss due to desorption of water as illustrated by the similarity 
to the curves of samples not loaded with catechol. A second peak, which starts around 220 °C and 
ends around 600 °C, is seen only in samples loaded with catechol. We can safely attribute this 
peak to weight loss from catechol. Upon comparing the weight loss from catechol from TGA when 
treated in air to the initial loading of catechol on each sample as seen in Table 5.2, we observed a 
very close correlation.  











Mass loss in 


















* Calculated by subtracting the mass loss from surface species under N2 from the mass loss during 
TPO in  air. 
 
This indicates that catechol was completely removed from each sample around 600 °C upon 
treatment with air. CH analysis was also used to verify the weight loading of catechol on the 
zeolites, as seen in Table 5.2. It showed a slightly lower weight loading of catechol in all cases 
because this analysis does not account for O in catechol. When TGA analysis in a nitrogen 
environment was performed on these catalysts, weight loss due to catechol significantly decreased 
compared to weight loss when the samples were treated in air (Table 5.2). This indicates that a 
significant amount of the catechol-derived surface species remains on the surface of the 




Figure 5.5 FTIR spectra of catechol adsorbed on HDO catalysts at various temperatures (a) 
Pt/HBEA (b) Ga/ZSM-5. 
5.3.3 Analysis of OH groups by FTIR spectroscopy 
 The FTIR spectra of HBEA based zeolite samples exhibited IR bands at 3777 cm-1, 3743 
cm-1, 3663 cm-1, 3643 cm-1, 3607 cm-1, and a broad band around 3429 cm-1 (Figure 5.6). Table 5.3 
shows band assignments from literature references. The band around 3777 cm-1 is common with 
BEA zeolites, and it is now generally believed to arise from isolated Al-OH species. The band 
around 3743 cm-1 is typically assigned to terminal silanol groups. The band at 3663 cm-1 is assigned 
to Al-OH species from extra framework aluminum, while the band at 3607 cm-1 corresponds to 
acidic bridging hydroxyls. The broad band around 3429 cm-1 is attributed to hydrogen bonding OH 
groups and may include contribution from residual physisorbed water. The IR spectra of activated 
ZSM-5 based materials show similar bands around 3777 cm-1, 3742 cm-1, 3663 cm-1, 3607 cm-1, 
and a broad band around 3488 cm-1. The band assignments are similar with the HBEA zeolite 
sample as shown in Table 5.3.  










































 The peak of free silanol groups at 3743 cm-1 reduced in intensity upon the introduction of 
catechol-derived species on HBEA. The peaks at 3663 cm-1, which represents Al-OH species from 
extra-framework aluminum and 3607 cm-1, which represents acidic bridging hydroxyls also 
reduced in intensity or were completely absent on the catalyst with catechol-derived species. Upon 
introduction of platinum on HBEA, the peak of free silanol groups at 3743 cm-1 was completely 
absent.  The peak at 3607 cm-1, which represents acidic bridging hydroxyls, was also completely 
absent on the catalyst containing platinum. The peak at 3663 cm-1, which represents Al-OH species 
from extra-framework aluminum, however, did not reduce in intensity due to the introduction of 
platinum into the zeolite. The fact that similar bands reduced in intensity or were completely absent 
upon the introduction of platinum and catecholate roadblocks probably means that both the 
platinum metals and the derivatives of catechol led to the exchange of similar protons of the 
respective OH groups and are perhaps sitting in close proximity to one another on HBEA zeolites. 
The Pt and catecholates could either be sitting directly on the OH groups or in their vicinity leading 
to hydrogen bonding with the OH groups. 
 On the HZSM-5 zeolite samples, the intensity of the band at 3742 cm-1, which represents 
silanol groups (Si-OH), is seen to decrease on the sample that contained nickel and gallium. This 
band is seen to decrease even further after adding catechol-derived species. Other hydroxyl bands 
around 3663 cm-1 (Al-OH) and 3607 cm-1 (Si-(OH)-Al) are also affected by both metals and 




Figure 5.6 FTIR Spectra showing OH region of catalysts activated at 400 oC with and without 
catecholate roadblocks (a) HBEA and Pt/HBEA (b) ZSM-5 and Ga/ZSM-5.  
Table 5.3 FTIR Spectra Characteristics of the OH groups in HBEA and ZSM-5 Zeolites 
Sample Site Site Label Wavenumber Reference 
HBEA Al-OH species Al-OH 3782 cm-1 243-245 
 Terminal silanol groups Si-OH 3745 cm-1 243-245 
 Internal silanol groups Si-OH 3740 cm-1 243-245 
 Al-OH species arising from extra 
framework Al 
Al-OH 3665 cm-1 243-247 
 Acidic bridging hydroxyls Si-(OH)-Al 3611 cm-1 243-249 
 Residual hydroxyls - 3429 cm-1 250 
     
ZSM-5 Al-OH species Al-OH 3782 cm-1 243-245 
 Silanol groups Si-OH 3740 cm-1 251 
 Al-OH species arising from extra 
framework Al 
Al-OH 3665 cm-1 243-247 
 Acidic bridging hydroxyls Si-(OH)-Al 3610 cm-1 251 






































5.3.4 Reactivity for HDO of Anisole 
 The initial conversion of anisole over fresh Pt/HBEA was 100%, followed by a slow 
deactivation to 86% after 8 h on stream (Figure 5.7). The first-order deactivation rate constant was 
calculated to be 0.109 h-1. Catecholate roadblocks led to a significant drop in the initial activity of 
the catalyst. For Pt/HBEA with a high catechol loading (Pt/HBEA_RBH), the initial conversion 
of anisole was only 38%. Pt/HBEA_RBH deactivated even faster with a rate constant of 0.159 h-1 
as the reaction proceeded and the conversion of anisole was only 19% at the end of the reaction 
(Figure 5.7a). The reactivity over Pt/HBEA_RBL also decreased significantly compared to fresh 
Pt/HBEA. The initial anisole conversion was only 49%, which slowly decreased to around 30% 
by the end of the reaction run. The deactivation rate constant of 0.112 h-1 indicated that this catalyst 
deactivated quicker than the catalyst without catechol but slower than the catalyst with a higher 
catechol loading. The conversion of anisole over Ga/HZSM-5 started at 97%. This catalysts 
deactivated more rapidly than Pt/HBEA with  first-order deactivation rate constants of 0.154 h-1. 
The conversions after 8 h was only 68% for Ga/HZSM-5, (Figures 5.7c). The activity of this 
catalyst also significantly decreased when catechol-derived species were deposited on it. In this 
case, initial conversions of anisole over Ga/ZSM-5 with roadblocks was only 18%. An even faster 
deactivation was observed for this catalyst. Ga/HZSM-5_RB deactivated with a rate constant of 
0.254 h-1 and reached a complete deactivation after only 3.5 h on stream. Overall, Pt/HBEA 
performed better than Ga/ZSM-5 in terms of anisole conversion during HDO. HDO products over 
Pt/HBEA included benzene, toluene, and xylene (Figure D.4a). Other oxygenated aromatics 
including phenol, cresol, methylanisole, and xylenol were also produced (Figure D.4b). Methane 
was also produced with a higher selectivity of 5% on Pt/HBEA compared to Pt/HBEA_RBH with 
only 1.7% selectivity to methane. Ga/HZSM-5 produced benzene and toluene and methane as the 
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only deoxygenated products (Figures D.10a). HBEA was not able to perform a complete 
deoxygenation of anisole, and the products mainly consisted of oxygenated aromatics like cresol, 
xylenol, phenol, and methylanisole. Roadblocks on the catalysts also affected the production of 
deoxygenated products (Figure 5.8). The initial yield of deoxygenated products from 
Pt/HBEA_RBH, Pt/HBEA_RBL and Ga/HZSM-5_RB decreased by 70%, 61% and 86%, 
respectively, due to catechol-derived species. Although HBEA was not a good catalyst for the 
complete deoxygenation of anisole, a small trace of toluene was seen on the fresh catalyst, but it 
was absent on the catalyst with catechol roadblocks. 
 
Figure 5.7 Conversion of anisole on fresh HDO catalysts compared to catalysts with catecholate 
roadblocks (a) Pt/HBEA (b) HBEA (c) Ga/ZSM-5. 
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Figure 5.8 Yield of deoxygenated products on fresh HDO catalysts compared to catalysts with 
catecholate roadblocks (a) Pt/HBEA (b) HBEA (c) Ga/ZSM-5. 
5.4 Discussion 
5.4.1 Adsorption of Bidentate Catecholate Roadblocks 
 There are a few reports on the adsorption of catechol on metal oxides. Wang et. al studied 
the adsorption of catechol on titanium oxide.252 Catechol first approach the terminal OH group of 
titanium oxide and forms a physisorbed species. Subsequently, one catechol OH is bound to one 
Ti atom. From this intermediate, surface species are formed from three alternatives. The first 




























































































alternative includes a bidentate mononuclear complex in which a single Ti atom binds 
coordinatively with two O atoms of catechol. The second possible alternative includes a 
monodentate binuclear complex in which an adjacent Ti atom has lost an –OH moiety, and can 
now bind to a catechol –OH moiety. The third involves a bidentate binuclear complex in which 
the two –OH moieties of the catechol form bonds with two different Ti atoms. Other studies 
made speculations on the relative stability of these three different structures. Jing et al. using 
detailed IR and computational studies indicated that the binuclear bidentate complex is the most 
stable.240 Guo Shiou et al. studied the adsorption of guaiacol on HBEA using IR spectroscopy 
and hinted at the formation of a bidentate binuclear catecholate complex.222 
In this study, TGA analysis of the catalysts loaded with catechol shows that a significant 
amount of adsorbed catechol remains on the catalysts after heating up to 800 oC, as seen in Table 
5.2. This indicates that catechol-derived species formed are very strongly adsorbed on the 
catalysts. Such strong adsorption is possible when a bidentate species is formed in which both 
OH groups of catechol are contributing to its anchorage to the zeolite. Also, the polymerization 
of catechol during heat treatment could lead to the formation of large polycatechols, which are 
trapped in the zeolite pores at elevated temperatures. However, this is unlikely on MFI structures 
because of restricted diffusion of catechol inside the pores to begin with. This means that surface 
bound catechol-derived species are strongly adsorbed on MFI structures and should also be 
strongly adsorbed on HBEA surfaces as well. Insights on the mode of adsorption of catechol 
were derived from IR spectroscopy. The adsorption of catechol on Pt/HBEA led to a significant 
change in the IR spectrum compared to pure catechol (Figure 5.5a). The peak representative of 
δ(OH) disappeared, which indicates that the hydrogen atom on the OH group was dissociated. At 
the same time, a peak appeared around 1317 cm-1 starting at 300 oC, which is due to one or more 
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ν(C-O) vibrations. The peaks corresponding to ν(C=C)ring vibrations of the aromatic ring, are 
also seen to shift slightly compared to pure catechol. The total disappearance of the OH group of 
catechol coupled with the other bands of catechol still remaining very intense, except for a shift 
in the ν(C=C)ring vibrations, indicates the formation of a new aromatic species. The emergence of 
a new ν(C-O) peak around 1317 cm-1 is in agreement with the bonding of the C-O group of the 
new species with the catalyst after the hydrogen atom is dissociated from catechol. All these 
characteristics are indicative of the formation of bidentate catecholate species. These species are 
stable on the surface up to 400 oC as seen in the IR spectra in Figure 5.5, which means that the 
adsorption is very strong. Previous reports concluded on the formation of doubly anchored 
species upon the adsorption of guaiacol on alumina226 and HBEA222 and catechol on titanium 
oxide.240 The reports of adsorption on metal oxides both suggested that the oxygen atom from the 
dissociated phenol group is coordinated to a Lewis acid site, while the oxygen atom of the 
methoxy group is coordinated to a Lewis acid/base interaction forming a bidentate catecholate 
species. Glycerol has also been shown to adsorb on metal oxides in a similar fashion where 
phenol groups dissociate and form bidentate species.253-255 Figure 5.5b also shows similar IR 
features of the adsorption of catechol on Ga/HZSM-5. These zeolites (HBEA and HZSM-5), 
however, are made up of defects in the form of silanol nests on the external surface in addition to 
acid sites. In this case, anchoring of catechol-derived species should be able to occur on the 
perimeter of these nests as well. The IR spectra of the OH region of the zeolite showed a 
significant decrease or a complete disappearance in the intensity of the silanol  hydroxyl bands 
between 3740 and 3745 cm-1 upon the introduction of catechol. Hence, the formation of strongly 
adsorbed bidentate species from catechol should be accessible on the external surface in the 
perimeter of silanol nests. These bidentate or multidentate surface species that form upon the 
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adsorption of a molecule that has multiple oxygenated functional groups have been reported to 
adsorb more strongly than monodentate species on γ-alumina, which subsequently slow down 
the transformation of γ-alumina into boehmite in hot, liquid water.256-257 It is then very probable 
that the intended catecholate species remain strongly adsorb on the zeolitic frameworks at HDO 
reaction conditions mostly on the external surfaces in the perimeters of defect sites. 
 
Scheme 5.1 Interaction of Catechol on Acidic HDO Catalysts. 
5.4.2 Accessibility of active sites upon blocking with catechol 
 Zeolites are used in several catalytic processes including petroleum and biomass 
conversion because of their strong and tunable acidity, their microporous structure allowing 
molecular traffic control, high reaction surface areas, high thermal stability and their adjustable 
nature so that they can be tuned for several desired chemical reactants.258 However, they are highly 
affected by their intrinsic microporosity as pores are too small to allow diffusion of large 
biopolymers to the active sites. In an application for the production of aromatics from 
carbohydrates, it was reported that both Brønsted acid sites and the presence of crystalline pore 
structure are prerequisite for catalytic activity.259-260 Small pore zeolites produced mainly 
oxygenates and cokes as the diffusion of reactants and products is strongly hindered. Hence, the 
accessibility of reactants is a major area of consideration in zeolite based catalysts.   
Hydrodeoxygenation of various bio-oil model compounds have been extensively studied 




deactivation. There is a significant lack of report about the effect of surface species formed by 
these model compounds on the catalytic activity. A previous study conducted operando FTIR 
spectroscopy during HDO reactions of several model compounds.222 In this study, it is suggested 
that strongly chemisorbed catecholate species are formed on HBEA and Pt/HBEA during HDO of 
guaiacol. These strongly adsorbed species were suggested to reside on sites not necessarily 
responsible for the catalyst activity hence they are not poisoning the catalyst instead, they form 
“roadblocks” on or near the pore mouth of the zeolite framework and consequently restrict the 
diffusion of reactants and products in and out of the pores since the pore sizes of zeolite HBEA 
are only slightly larger than the reactants. In this study, we are examining bifunctional or 
multifunctional catalysts in which several active sites play different roles. On the metal sites, the 
aromatic rings of reactants are hydrogenated and this is followed by dehydration of the resulting 
alcohol group on an acid site of the zeolitic support. Hence, accessibility to both these sights are 
stringent. 
H2 chemisorption was used to probe the accessibility of hydrogen to the metal sites 
impregnated on the zeolite structures. The average particle size of the metals from hydrogen 
chemisorption was 2.7 nm for Pt on HBEA. This means that relatively large metal particles were 
formed from the impregnation technique that was used. These metal particles formed are 
significantly larger than the pore size of the zeolites, and as a result, a significant amount of the 
metal sites will remain on the surface of the zeolite. Previous reports of metal sites on microporous 
zeolites suggest that the impregnation technique of depositing metals results in metal particles on 
the external surface of the zeolite, as opposed to inside the framework.51, 261 CO adsorption 
followed by FTIR spectroscopy on Pt/HBEA provided some insight on the location of Pt on 
HBEA. Band frequencies between 2082 cm-1 and 2056 cm-1 were observed. The bands were 
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relatively easily removed upon temperature programmed desorption and therefore demonstrate the 
behavior characteristic of CO molecules adsorbed on metal particles which are located on the 
external surface of the zeolite.262-263 Thus, they exhibit the typical coverage-dependent shift upon 
temperature programmed desorption, which is due to elimination of dipole-dipole interaction with 
decrease in surface coverage.262 Accessibility of CO to these Pt particles were significantly 
affected by catecholate roadblocks as indicated by the peak intensity. Also, the position of the CO 
band began at a lower wavenumber of 2070 cm-1 on the catalysts with roadblocks. This indicates 
that the exposed domains of Pt on this catalysts with roadblocks are smaller compared to the fresh 
catalyst. Bands at higher frequencies between 2123 cm-1 and 2092 cm-1, which are assigned to 
small or monatomic Pt species that are capable of residing inside the zeolite pores262, 264 were 
absent.  
The accessibility of metal sites was more severely reduced on the catalysts containing 
catecholate species compared to other sites located inside the pores of the zeolites. One possible 
explanation of this reduction in metal site accessibility is that catechol poisons the metal sites by 
directly adsorbing on them. To investigate this possibility, we used a mesoporous silica support 
(SBA-15) with the same Pt loading as Pt/HBEA but much larger pore diameters to probe hydrogen 
adsorption after impregnation with catechol followed by the same heat treatment as for the zeolite 
samples. After this treatment, 96% of platinum sites in Pt/SBA-15 remained accessible for 
hydrogen adsorption compared to only 19% of accessible Pt sites on Pt/HBEA after the same 
deposition procedure for catechol-derived surface species. Pt/SBA-15 had a very limited number 
of acid sites (Figure 5.4a). The fact that a majority of the Pt sites on SBA-15 still remained 
accessible after introducing catechol to its framework indicates that the metal sites are not 
responsible for directly anchoring strongly adsorbed catecholate roadblocks. The adsorption of 
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catecholate roadblocks was probably significantly affected because of the absence of Lewis acid 
sites on this material in which case no roadblocks were present. The reasonably big pore mouth of 
SBA-15 could have also been able to overcome the effect of roadblocks and still allow access of 
hydrogen to the metal sites if they did indeed form on this material. The reduction of the 
accessibility of metal sites to hydrogen upon the addition of catechol-derived species must 
therefore be a result of a different type of coverage, as opposed to direct poisoning.  
Catechol is a relatively large molecule of about 4.43 Å, calculated based on the bond 
lengths of intermolecular atoms as reported by C. J. Brown,265 and has a kinetic diameter of 5.91 
Å, as seen in Table 4. Based on the size and kinetic diameter of catechol compared to the pore 
sizes of MFI zeolites (Table 5.4), it is suggested that catechol-derived species are mostly sitting 
on the external surface of the zeolite similar to the metal sites. While catechol should barely be 
able to diffuse into the pores of HBEA, binding is accessible on the external surface and 
preferential adsorption of catechol-derived species is likely to happen on the surface before 
diffusion into the pores. IR spectra of the zeolites after the introduction of catechol showed a 
significant decrease in the intensities of the bands representing silanol groups and acidic bridging 
hydroxyl groups similar to what was observed upon the introduction of metals (Figure 5.6). This 
suggests that, although catechol molecules are not poisoning the metal sites, they are sitting on 
approximately the same sites on the zeolite surface (most likely in the perimeters of silanol groups). 
These silanol groups are mostly found in defect sites on the zeolite extraframework.266 It is 
suggested that the metals are therefore mostly located inside these defect sites on the external 
surface of the zeolites. As a result of the introduction of catechol on sites at the perimeter of these 
defect sites containing metals, a blanket coverage of the metal sites by catechol-derived species 
becomes very probable.  
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Table 5.4 Pore diameters in zeolite supports 
 Maximum diameter of a spherea 
Zeolite That can be included (Å) That can diffuse along (Å) 
  a b c 
HBEA 6.68 5.95 5.95 5.95 
ZSM-5 6.36 4.7 4.46 4.46 
Molecule Kinetic diameter (Å)b Molecule size (Å) 
Catechol 5.91 4.43 
a Obtained from International Zeolite Association.267 
bCalculated by assuming that catechol molecule is spherical and correlating its kinetic 
diameter to its molecular weight as follows  (σ = 1.234.(Mw)1/3)268 
 Upon measuring the concentration of Lewis acid sites after introducing catecholate species 
onto the zeolite framework, a significant decrease is observed (Figure 5.4a). Previous reports 
indicate that Lewis acid sites are responsible for the adsorption of catecholate species, as discussed 
in the previous section.222, 226 Consequently, extra framework alumina that are Lewis acidic will 
be poisoned by catechol-derived species. The reference material, Pt/SBA-15, with significantly 
larger pore mouths also showed a complete decrease in the limited amount of LAS that were 
present in the blank sample after introducing catechol into the framework. In the case where low 
loading of catechol species were introduced to Pt/HBEA, the catechol loading was equivalent to, 
a quarter of the measured amount of Lewis acid sites on Pt/HBEA (Pt/HBEA_RBL), the 
accessibility of the Lewis acid sites were still greatly affected with only about 26% remaining 
accessible. This means that in addition to the poisoning of extra framework Lewis acid sites by 
catechol-derived species, the accessibility of pyridine to the Lewis acid sites in the internal 
framework of the zeolites was also greatly affected due to the presence of catechol-derived species 
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near the pore mouth of the zeolite.  In this case, both poisoning and roadblocks play important 
roles in reduced access to the Lewis acid sites during reactions where strongly chemisorbed species 
could form. The impact of introducing catechol onto the zeolite structures was also seen to affect 
the BAS concentration but slightly less significantly than the LAS concentration (Figure 5.4b). 
Although there are no reports in the literature of these sites contributing to the anchorage of 
catechol derived species, the reduction in intensities of the band at 3610 cm-1 upon adding catechol 
(Figure 5.6) indicates that surface hydroxyls, which are Brønsted acidic, are either poisoned by 
catechol-derived species or are hydrogen bonded to catechol-derived species in their vicinity. 
Hence, the decrease in accessibility of these sites is most likely from both a poisoning effect as 
well as a roadblock effect.  
 The reduction in the nitrogen adsorbed volume occurred mainly in the micropore region at 
low values of P/P0 in the isotherm. The introduction of metals and catechol-derived species reduced 
the micropore area and volume, but when both were combined, the effect is even worse. 
It is known from the literature that HBEA (BEA framework) and HZSM-5 (MFI 
framework) have three dimensional structures.269-270 These three-dimensional structures allow the 
entrance of nitrogen into the pores from multiple channels in different directions when all the 
channel mouths are not blocked. This avoids a strong decrease in the micropore volume after the 
introduction of only catechol species or only metals. Hence, the HBEA without metals had a 
reasonable amount of accessible pore volume even after the introduction of catechol-derived 
species. Also, when the amount of catechol introduced into the HBEA framework was reduced, 
(Pt/HBEA_RBL), 85% of the pore volume remained accessible. Although parts of the pore mouths 
were blocked by small amount of catechol-derived species, the three-dimensional structure of 
HBEA allowed for the entrance of nitrogen from other channels that were not completely blocked. 
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Nevertheless, the introduction of both metals and more catechol-derived species on the external 
surface of the zeolite could block the pore mouths in several directions, causing a complete 
blockage in some of the micropore channels. As a result of this pore mouth blockage, the 
accessibility of the micropores to nitrogen was greatly affected, as seen in Figure 5.9. The zeolites´ 
micropore size relative to the size of catechol as previously discussed also has an effect. HZSM- 
5 is a 10-ring medium pore size zeolite269 and HBEA is a 12-ring large pore size236. The 
accessibility of micropores is, therefore, more strongly affected in HZSM-5 structures compared 
to HBEA, as seen in Figure 5.9. Consequently, the blockage of the pore mouths of the zeolite limits 
the diffusion of reactants and products into the active sites (Brønsted acid sites) located in the 
internal framework of the zeolite.  
To sum up, several parameters suffer from reduced accessibility upon the introduction of 
catechol-derived surface species. The metal sites are affected to the greatest extent because the 
catechol-derived species seem to sit in perimeters of defect sites where the metal sites reside and 
provide a blanket coverage of the metals. If any small metal sites exist that can reside in the pores, 
they also experience an additional accessibility restriction because catechol block some of the 
zeolite pore mouths and restricts access to sites inside the pores. The pores of the zeolites are also 
affected but not as greatly as the metal sites because HBEA and HZSM-5 are three-dimensional 
and allows diffusion of probe molecules in different directions. The fraction of exposed acid sites 
which reside mainly in the pores but are also present on the extra framework are affected to a 
greater extent than the pores in all cases. The little fraction of these sites that are located on the 
extra framework of the zeolites are most likely poisoned by catechol and access to the acid sites 




Figure 5.9 Fraction of accessible active sites on HDO catalysts after blocking with catechol. 
Accessibility (x/xo) was measured by dividing the amount of measured sites after the introduction 
of catechol by the amount of sites measured before the introduction of catechol. 
5.4.3 Catalyst Deactivation during HDO of Anisole on Catalysts with Roadblocks 
 Deactivation of HDO catalysts during the reaction is an important problem. Several 
studies have attributed coking as the most common route for this deactivation. Water has also 
been attributed to the deactivation of sulfided NiMo catalysts during hydrodeoxygenation.271 
Deactivation by water was reported as a result of competitive adsorption on the active sites or by 
strong adsorption on the support which leads to partial crystallization of the γ-alumina support 
into boehmite. The effect of roadblocks has also been presented in the literature as a possible 
route for the deactivation of catalysts during hydrodeoxygenation. These roadblocks can be more 
detrimental than coke222 without directly binding to active sites.  A report studied the different 
extent of catalyst deactivation caused by two different bio-oil model compound feeds (anisole 






































severely deactivated by guaiacol than by anisole (or their respective products). This study 
attributed the rapid deactivation to the strong adsorption of double-functionalized guaiacol and 
catecholate that remained on the surface and blocked metallic deoxygenation sites. Another 
recent report from the Sievers group performed a detailed operando study of different bio-oil 
model compunds during HDO and showed that the strong adsorption of guaiacol derivatives can 
lead to the formation of roadblocks on Pt/HBEA.222 A good understanding of the impact of these 
roadblocks on the performance of zeolites in HDO reactions is, therefore, critical. 
 In this study, catecholate roadblocks were delibrately deposited on zeolite catalysts to 
understand the severity of their effect on hydrodeoxygenation reactions.  Catechol was used as a 
precursor for roadblocks instead of guaiacol in order to eliminate the additional complexity that 
would arise from additional reactions involving the methoxy group in guaiacol. The initial 
conversion of anisole over Pt/HBEA dropped by 61% with a high catecholate roadblock loading 
of 6.48 wt.% and by 51% due to lower catechol loading of 1.09 wt.%. The same deoxygenated 
products were produced over catalysts with and without roadblocks but the yields were 
significantly reduced on the catalysts with roadblocks. This indicates that only a limited amount 
of the sites responsible for hydrodeoxygenation were exposed on the catalysts with roadblocks. 
The simultaneous presence of metal sites and Brønsted acid sites has been reported to be 
resposnible for the complete HDO of anisole.51, 222 Hydrogenolysis of the PhO-CH3 bond has 
been reported as the preferential step in hydrodeoxygenation of anisole over Pt.51, 222, 224, 272-273 
The Brønsted acid sites in the the HBEA support are responsible for transfering the cleaved CH3 
to an aromatic ring, which results in intra- or intermolecular rearrangements to form 





Scheme 5.2 Major reaction pathway for HDO of anisole over bifunctional Pt/HBEA catalyst. 
The reduced productivity of HDO products on the catalysts with roadblocks indicates that 
anisole experienced a restricted access to these active site. On the catalyst surface, access to the 
Pt sites for hydrogenolysis of the PhO-CH3 bond is restricted by the catecholate roadblocks. The 
resulting intermediates after the hydrogenolysis of the PhO-CH3 bond experience further 
restrictions by catechol roadblocks to the Brønsted acid sites which are mainly present in the 
pores of HBEA. In the presence of Pt metal, the dissociated methyl group can also be 
hydrogenated to form methane. Methane is produced with lower selectivity on Pt/HBEA_RB 
compared Pt/HBEA which further indicates a restricted accessiblity to the Pt sites for methyl 
hydrogenation on the catalyst containing catecholate roadblocks.  HBEA without Pt sites is not 
capable of performing a complete deoxygenation of anisole. Major products on this catalyst are 
oxygenated species (Figure D.6). Pt metal sites are, therefore, essential for the complete 
deoxygenation of anisole. Several literature studies supports the bifunctionality of Pt and zeolites 
in HDO reactions.51, 222 The introduction of catechol reduced the reactivity of the catalysts but 
did not change the reaction path. The fraction of Pt sites and Brønsted acid sites on 











fresh Pt/HBEA. The initial shift in the CO stretching frequencies on Pt/HBEA with roadblocks 
compared to the fresh catalysts (Figure 5.3) indicates smaller accessible domains of Pt sites on 
the catalyst with roadblocks. In addition to lower reactivity, the deactivation rate constant of the 
Pt/HBEA with roadblocks were higher than the fresh Pt/HBEA. This could be attributed to the 
more rapid coke formation on the catalysts with roadblocks. The blanket coverage of Pt sites on 
the external surface of the zeolite by catechol-derived species could result in increased coke 
formation. Previous studies reported that Pt sites are indirectly involved in the suppression of 
polyaromatics and coke formation. This suppression of coke formation as a result of Pt was 
attributed to hydrogen spillover.222 Hydrogen abstraction was reported to be involved in coke 
formation.274 In HDO reactions, atomic hydrogen species that are formed on Pt sites could 
migrate to the HBEA support through spillover and suppress coke formation by encouraging the 
reverse reaction of hydrogen abstraction. As seen from H2 chemisorption results, the accessibility 
of Pt sites to hydrogen is reduced significantly upon the introduction of catechol (Figure 5.9). 
Hence, the reverse reaction of hydrogen abstraction encouraged by Pt on these roadblocked 
catalysts is no longer very effective leading to more coke formation. Roadblocks residing near 
the pore mouths could also lead to entrapment of some anisole that managed to get into HBEA 
from other channels. Consequently, intermediates may have a higher residence time in proximity 
to active sites within the zeolite framework and undergo secondary reactions which may include 
the formation of coke.    
Although Ga/HZSM-5 was slightly less active than Pt/HBEA for the hydrodeoxygenation 
of anisole, it was also very effective for the complete HDO of anisole to products such as 
benzene, toluene, and xylene, as well as partial HDO to some oxygenated aromatics. However, 
this catalyst was affected by roadblocks even more severely than Pt/HBEA.  In the case of 
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Ga/HZSM-5, metallic sites are not present since GaOx hardly reduce below 600 ˚C275-276 which is 
significantly higher than the conditions used in this study. Instead, the GaOx sites and the 
Brønsted acid sites are active for HDO. On the GaOx sites with redox properties, anisole 
compound probably interacts with oxygen vacancies, and the Ph-OCH3 bond is preferentially 
cleaved. Subsequently, the oxygen vacancy is regenerated by reduction with hydrogen. This type 
of pathway was shown for HDO of oxygenated aromatic compounds over reducible metal oxides 
like MoO3,229 and ceria-zirconia.99 Several reports have also shown an enhanced performance of 
HZM-5 catalysts upon incorporation of Ga2O3 for hydrogen-based upgrading of pyrolysis 
vapour.223, 277  The Brønsted acid sites again are responsible for transalkylated or dealkylated 
products. Ga/HZSM-5 catalysts generally deactivated faster than Pt/HBEA with or without 
catechol roadblocks. This is probably because of the absence of metal sites that is believed to 
suppress coking on this catalyst. Also, as the MFI structure is smaller than BEA structure, 
accessibility to active sites inside the pores of this catalyst are more severely affected by 
roadblocks and leads to a complete deactivation of the catalyst within only 3.5 h on stream. In 
addition to effect caused by roadblocks, GaOx sites which are Lewis acidic, may also suffer from 
poisoning by catechol. Hence, strongly chemisorbed species that form during HDO of bulky 
oxygenated groups could also result in poisoning of important active sites of Ga/HZSM-5 
catalysts in addition to serving as roadblocks. Due to this effect of poisoning, reducible metal 
sites are more desirable than metal oxide sites on zeolite-based HDO catalysts for extended 
activity.  
5.5 Conclusions 
Catechol adsorbs strongly at the perimeter of defect sites where metal particle resides on 
zeolite surfaces forming bidentate catecholate species which are very stable on the catalysts at 
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elevated temperature. These strongly adsorbed species form “roadblocks” and prevent access of 
HDO reactants to both active sites on the extraframework of zeolites and in the zeolite pores. 
Although, these roadblocks are not posioning the metal sites, a blanket coverage of the metals is 
possible by these catechol-derived species which then prevents their accessibility.  Anisole 
conversion over Pt/HBEA and Ga/HZSM-5 with catecholate roadblocks is seen to decrease 
dramatically, but the same products are formed. This means that the sites for HDO are not 
completely blocked but reactivity is heavily affected due to restricted access to the active sites. 
The reduced accessibility of the metal sites or lack of it also led to more coke formation and 
consequently, faster catalyst deactivation.  
 H2 chemisorption performed to probe the accessible metal sites on blank catalysts and 
catalysts with roadblocks showed a significant decrease in accessible metal sites due to catechol 
in Pt/HBEA  but not in Pt/SBA-15, a mesoporous silica with limited acid sites. This observation 
confirms that catechol on the framework is not poisoning the metal site directly but rather, 
adsorbing on the perimeter of these sites and preventing access to the metal sites on the external 
surface of the zeolite. Pyridine adsorption followed by FTIR spectroscopy showed a significant 
drop in the concentration of Lewis and Brønsted acid sites in catalysts blocked with catechol 
compared to blank catalysts. The drop in LAS concentration is significantly greater than the 
amount of catechol introduced into the zeolite framework. This was visualized by blocking only 
25% of the LAS in Pt/HBEA which resulted in a 74% decrease in LAS. This, again, indicates 
mass transfer limitations of pyridine to the acid sites in the zeolite pores caused by “roadblocks” 
sitting on or near the pore mouths of the zeolites. 
 On the basis of this chapter’s results, it is obvious that coke formation and poisoning are 
not the only contributing factors to the deactivation of zeolite based catalysts during HDO 
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reactions. Strongly adsorbed species on the surface of zeolites could form during HDO reactions. 
These species result in “roadblocks” near the pore mouths of the zeolites causing reduced access 
of reactants and products in and out of the pore of the zeolite, as well as preventing accessibility 
to active sites in defects on the external surface of the zeolites. All these lead to an eventual 


















FINAL CONCLUSIONS AND RECOMMENDATIONS 
 The purpose of this dissertation is to design and optimize catalysts for the conversion of 
methane into useful chemicals like hydrocarbons and alcohols as well as utilize different 
experimental techniques to elucidate deactivation of catalysts during the upgrading of fuels from 
alternative sources. As researchers will continue to seek for effective means for utilizing methane 
reserves for the production of fuels and chemicals, it is imperative to develop effective catalysts 
for performing these reactions. Also, a thorough understanding of the reaction kinetics as well as 
the influence of different active sites will allow effective conversion strategies to be formulated.
 In Chapter 2, it was shown that methane can be activated and coupled over NiO/CZ to 
form ethane, ethylene and aromatics in a non-oxidative environment. Specifically, small Ni 
domains which do not have enough surface sites for aromatization are active throughout the 
reaction for the formation of ethane and ethylene, while larger Ni domains lead to the formation 
of aromatics and coke.  However, the conversion of methane to ethane and hydrogen is highly 
endothermic, and hence, only a very limited conversion of methane can be achieved at low 
temperatures. To improve the conversion to an acceptable level for industrial application without 
increasing the operating temperatures, these catalysts could be incorporated into membranes that 
can selectivity remove hydrogen to drive the reaction in the forward direction. For this purpose, a 
hydrogen selective membrane with low propensity to catalyze other side reactions can be tested 
for the continuous separation of hydrogen in the reaction stream and this could lead to methane 
coupling to ethane and ethylene far beyond the thermodynamic limit. 
 In Chapters 3 and 4, it was shown that a catalyst comprising of small nickel oxide 
clusters supported on ceria-zirconia (NiO/CZ) can convert methane to methanol and ethanol in a 
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single, steady state process at 450 ˚C using oxygen as an abundantly available oxidant. The 
unusual activity of this catalyst is attributed to the synergy between the small Lewis acidic NiO 
clusters and the redox active CZ support, which also stabilizes the small NiO clusters. A strong 
interaction between CZ and NiO will leads to an increase dispersion of NiO clusters. To 
maximize the performance of the catalyst, different synthesis techniques were used to create a 
stronger interaction between NiO and CZ, which reduces agglomeration of NiO particles during 
calcination of the catalyst. This led to catalysts with better dispersion of NiO particles on the CZ 
support and in turn led to higher catalytic performance in terms of methane conversion and 
alcohol selectivity. The best catalyst was prepared using strong electrostatic adsorption and had a 
NiO dispersion of 31%. This means that the dispersion of NiO on CZ might be improved even 
further. The CZ used in this thesis has a surface area of 85 m2.g-1. Zirconium was used to form a 
solid solution to reduce the loss in surface area during calcination. Therefore, it would be 
worthwhile to vary the concentration of zirconium incorporated into the ceria lattice in order to 
determine the optimum level of zirconium loading required to prevent the loss of surface area of 
CZ during calcination. Strong electrostatic adsorption should then be used to deposit NiO on this 
CZ support with potentially higher surface area. The presence of more surface area of CZ will 
present more sites for the binding of NiO particles and should theoretically increase NiO 
dispersion. Zirconium also enhances the redox activity of ceria and hence, it is imperative to 
determine the optimum concentration of zirconia in the ceria matrix. 
 It was also found in Chapter 3 of this thesis that the presence of steam is required to 
obtain alcohols rather than carbon dioxide, which is the product of catalytic combustion. It is 
suggested that steam is required for hydrolysis of the surface species from methane activation to 
alcohols before the surface species undergoes combustion by oxygen to form CO2. In this thesis, 
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an oxygen to steam ratio of 0.2 was used, which led to a CO2 selectivity of over 50%. 
Determining the optimum composition of steam and oxygen in the feed will therefore be very 
important to optimize the process of methane conversion to alcohols and to reduce the formation 
of CO2. For this purpose, the reaction should be run at different steam to oxygen ratio, and the 
products should be examined. In addition to understanding the effect of steam and oxygen on the 
selectivity to different carbon containing products, an overall understanding of the reaction 
mechanism will be important to develop strategies for improving the catalyst performance 
towards the formation of alcohols. For this purpose, it will be important to use operando IR 
spectroscopy to quantify the amount of surface species and measure the rates for their 
interconversions. Further insights into the reaction mechanism can be obtained by performing 
reactivity tests at varying temperatures and partial pressure of different reactant species. 
Conditions that avoid mass transfer limitations need to be determined in order to perform these 
reactivity tests so that intrinsic kinetics of the reaction could be obtained. Kinetics parameters, 
such as activation energy and orders of different reactants, can be obtained from these additional 
studies, and the plausibility of the reaction mechanism can be tested. 
 The composition of the product stream from the reaction discussed in Chapter 3 and 4 of 
this thesis comprises mainly of CH4, CO2, O2, H2O, CH3OH and CH3CH2OH. In an industrial 
application, it would be desired to separate these components from the mixture to allow for 
recycling the unreacted CH4. The easily condensable products can be separated from the mixture 
by distillation in the order of increasing boiling points. The methanol with the lowest boiling 
point could be removed first followed by ethanol and then water. Most importantly, at 15% 
methane conversion, it would be important to recycle methane. Hence, removing the CO2 from 
the gas stream is of utmost importance. Amine scrubbing technology, which was established 
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over 60 years ago in the oil and chemical industries, could be used here for CO2 capture from the 
gas stream following distillation. Commercially, this is the most well-established of the 
techniques available for CO2 capture. Other techniques such as the use of solid adsorbents 
(zeolites and activated carbon) or gas separation membranes could also potentially be used in the 
future for the separation of CO2. 
 In Chapter 5, a rigorous assessment of reactant intermediates which, strongly adsorb and 
form roadblocks and their impact on the deactivation of zeolite based catalyst during HDO 
reactions was performed. Phenolics with multiple oxygen-based functional groups can 
potentially adsorb more strongly on Lewis acid sites or silanol nest peripherals of HDO catalysts 
and form roadblocks, which lead to a lower reactivity of the catalyst as well as faster 
deactivation. A two stage process for hydrodeoxygenation could potentially mitigate this 
problem. A removal of oxygen from molecules with multiple functional groups could be done in 
the first stage. Different catalysts with high activity for partial HDO could be used in this stage. 
Ceria-Zirconia catalysts have been reported to be highly active in the partial deoxygenation of 
guaiacol into phenol without signs of deactivation over 6 days on stream.99 Also a catalyst 
comprising of cerium-incorporated into hierarchical HZSM-5 catalysts showed high activity and 
reduced deactivation in the partial deoxygenation of lignocellulosic biomass into less oxygenated 
products like furans, ketones and aldehydes.278 The partially deoxygenated products  from the 
first stage, can then be subsequently deoxygenated completely into benzene and other 
deoxygenated aromatics in the second stage over Pt/HBEA, Ni/ZSM-5, or Ga/ZSM-5. In 
addition, catalysts without Lewis acid sites should be considered for HDO as these sites seem to 
be majorly responsible for the formation of “roadblocks”.  
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 The effects of roadblocks on zeolite based catalysts could also be mitigated by co-feeding 
water. Several studies have shown positive effects of water on zeolite-catalyzed reactions.279-282 
Although further studies are required to completely unravel the role of water in more details, it is 
now generally believed that water acts as a sweeping agent, forcing the desorption and diffusion 
of formed products from the zeolite. It would therefore make sense to use water as a means of 
removing strongly adsorbed species that forms during HDO of complex reactants with multiple 
oxygenated groups. This, however, must be done with care as steaming also leads to 
dealumination of zeolites. Also, polyols have been shown to competivitely adsorb on Lewis acid 
sites even in the presence of water forming strongly chemisorbed multidentate species on γ-
Al2O3, TiO2, ZrO2, CeO2 and Nb2O5.253-255 However, these studies have not been performed on 
zeolite-based catalysts in which catechol is potentially also adsorbed on other sites rather than 
just the Lewis acid sites. 
The effects of roadblocks were more prominent in catalysts with small pore diameters. 
Mesoporous zeolites or catalysts with bigger pore mouths should not be affected by “roadblocks” 
to the same extent. However, on these catalysts with big pore mouths, the molecules can easily 
diffuse into the pores and adsorb strongly on Lewis acid sites inside the pores. Hence, 
mesoporous zeolites without Lewis acid sites should be considered in the development of future 
generations of HDO catalysts. There are several methods for inducing these mesopores, which 
include acid treatment of crystalline zeolite, using structure directing agents during synthesis, or 
templating on a polymer or structured carbon substrate.  
In conclusion, this thesis offers a first of its kind conversion of methane to higher 
hydrocarbons and alcohols (methanol and ethanol) using a cheap catalyst. It also provides insight 
on catalyst deactivation by strongly adsorbed roadblocks during HDO of pyrolysis oil model 
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compounds. I hope that researchers would be able to carry-on with the further improvement and 
optimization of the processes highlighted in this thesis for a more effective production of fuels 




















Supplementary Information for Chapter 2 
Table A.1 FTIR Spectra Characteristics for methane activation over NiO/CZ. 
Functional group Group Label Frequency /cm-1 Reference 
asymmetric methyl vibrational stretch -CH3 asym 2975-2950 37, 115 
symmetric methyl vibrational stretch -CH3 sym 2885-2865 37, 115 
asymmetric -CH2- vibrational stretch -CH2- asym 2940-2915 115 
symmetric -CH2- vibrational stretch -CH2- sym 2870-2840 115 
isolated C=C  ν(C=C)ring 1680-1620 115 
asymmetrically substituted aromatics ν(C=C)ring 1600 115, 283 
graphitic coke ν(C=C)ring 1580-1570 117-118, 284 
para-distributed aromatics, 1,2,4-
trisubstituted aromatics 
ν(C=C)ring 1537-1518 115, 283 
Ortho- and meta-disubstituted aromatics, 
1,2,3-trisubstituted aromatics 
ν(C=C)ring 1507-1504 115, 283 
asymmetric methyl deformation vibration δasym(CH3) 1485-1445 115 
symmetric methyl deformation vibration δsym(CH3) 1460-1420 115 
ethyl deformation vibration δ(CH2) 1470-1440 115 
methyl groups attached to aromatic rings δasym(CH3) 1390-1370 115, 283 









































































































































































Figure A.3 (a) TPO of spent NiO/CZ after reaction with methane at 350 oC using TGA (b) TPO 
of spent NiO/CZ after reaction with methane at 450 oC using TGA (c) TPO of spent NiO/CZ 
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Figure A.4 Peak fitting of Raman spectra of spent catalysts after reaction at (a) 500 ˚C (b) 450 


































































Supplementary Information for Chapter 3 





Dispersionc Metal loading 
(wt.%) 
 Fresh Spent    Fresh  Spent  
CZ 2.29 N/A N/A N/A N/A 
2 wt.% NiO/CZ 86.1 38.5 0.26 0.12 1.96 
2 wt.% NiO/CZ‡ 79.9 - - - 1.96 
2 wt.% CoO/CZ 79.8 - 0.24 - 1.97 
2 wt.% PdO/CZ 88.2 - 0.44 - 1.94 
2 wt.% FeOx/CZ 78.0 - 0.22 - 1.95 
2 wt.% Al2O3/CZ 28.9 - 0.04 - 1.91 
2 wt.% NiO/SiO2 38.1 1.9 0.11 0.006 1.98 
5 wt.% NiO/CZ 126.5 37.4 0.15 0.04 4.89 
a CZ composition as determined by ICP-OES analysis is Ce0.83Zr0.17 
b Pyridine adsorption followed by FTIR spectroscopy. LAS concentration calculated using 
Beer’s law 
c Dispersion of metal oxide on CZ determined from pyridine adsorption on Lewis acidic metal 
oxide followed by FTIR spectroscopy 
2 wt.% NiO/CZ‡ - Sample was exposed to water vapor at 573 K before pyridine adsorption to 











B.1 Lewis acidity of catalysts 
 
Figure B.1 FTIR spectra of pyridine on catalysts at 423 K showing adsorption on Lewis acid 
sites (band at 1445 cm-1)  
The concentration of acid sites on the catalyst materials were quantified using pyridine 
adsorption followed by FTIR spectroscopy. Pyridine was used because it is a strong base that can 
distinguish between Brønsted and Lewis acid sites. Characteristic IR bands are obtained for 
pyridine adsorbed on a Lewis acid site, LAS (around 1445 cm-1) and pyridinium ion (around 
1540 cm-1) that is formed when pyridine is protonated on a Brønsted acid site, BAS.137 
Quantifying the amount of adsorbed pyridine from the integral of these vibrational bands was 
done using the Beer-Lambert’s law. 
 
 
















B.2 XRD Patterns of Catalysts 
 
Figure B.2 XRD patterns of ceria-zirconia based catalysts 
 The X-ray diffraction pattern of ceria-zirconia and metal oxides supported on 
ceria-zirconia contained four prominent diffraction peaks associated with the (111), (200), (220), 
and (311) planes, respectively.86 All peaks in the diffractogram were attributed to ceria-zirconia, 
indicating that the metal oxide clusters were very small and well dispersed and no crystalline 
impurities were present. The crystallite sizes calculated by the Scherrer equation were 

































Figure B.3 XRD pattern of NiO/CZ and NiO/SiO2 and the NiO-free supports. X-ray 
diffractogram of 2 wt.% NiO/CZ only contained peaks corresponding to ceria-zirconia, whereas 
diffractions of NiO crystallites were observed for 2 wt.% NiO/SiO2 and NiO (200) crystallite 
peak is obvious on the diffractogram of 5 wt.% NiO/CZ. This confirms bigger clusters of NiO on 




























































































































































Figure B.4 Difference IR spectra of products from CH4 at different temperatures on (a) CZ (b) 2 

































Figure B.5 Subtracted operando IR spectra during reaction of methane, oxygen and steam over 2 
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Figure B.6 Subtracted in-situ FTIR spectra during exposure of 2 wt.% NiO/CZ to 5% methane 
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Figure B.7 Subtracted operando IR spectra during reaction of methane, oxygen and steam over 2 
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Figure B.11 TEM of 2 wt.% NiO/CZ after reaction with methane, steam and O2 at 723 K for 8 h 
with a steam to carbon ratio of 1 and oxygen to carbon ratio of 0.2. Shells and pockets of 
graphitic carbon were seen covering NiO particles around 5+ nm. CZ matrix where big NiO 


















































































Figure B.13 Deconvolution of 3d5/2 peaks of Ce after exposure of 2 wt.% NiO/CZ to CH4 for 4 h 
at 723 K. 
In order to quantify the amount of surface reduction of ceria on 2 wt.% NiO/CZ after exposure to 
methane for 4 h at 723 K, the fraction of Ce3+ formed was measured as follows: 
Ce3+ = A1 + A3 
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Figure B.14 C 1s XPS after in-situ treatment of 2 wt.% NiO/CZ and 5 wt.% NiO/CZ with methane 
at 723K for 4h. Peak at 284 eV is assigned to graphtic carbon. Significantly more graphtic carbon 




















































































Figure B.16 Yields of aromatic products formed during reactions of methane, steam and oxygen in 
a packed bed reactor setup at 723 K and 1 atm over 2 wt.% NiO/CZ with a steam to carbon ratio of 











































Figure B.17 Conversion of methane and yields of products formed during reaction in a packed bed 

































































































Figure B.18 Conversion of syngas and yields of products formed during reaction in a packed bed 
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Figure B.19 Conversion of methanol and syngas and yields of products formed during reaction 








































Figure B.20 Conversion of (a) methanol and yields of products formed during reaction in a 
packed bed reactor at 723 K and 1 atm over 2 wt.% NiO/CZ (b) methanol and steam with steam 
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Figure B.21 (a) Conversion of methane and yields of products formed during reaction in a 
packed bed reactor setup at 573 K and 1 atm over 2 wt.% NiO/CZ with a molar O2:CH4 ratio of 
















































































Figure B.22 (a) Conversion of methane and yields of products formed during reaction in a 
packed bed reactor setup at 723 K and 1 atm over 5 wt.% NiO/CZ with a molar O2:CH4 ratio of 












































































Figure B.23 (a) Conversion of methane and yields of products formed during reaction in a 
packed bed reactor setup at 723 K and 1 atm over 2 wt.% NiO/SiO2 with a molar O2:CH4 ratio of 













































































Figure B.24 Analysis of effluent stream of the packed bed reactor to verify the formation of 











































































Figure B.25 1H NMR of liquid condensate from reaction run at National Renewable National 
Lab for methane conversion in the presence of steam and oxygen at 723 K over 2 wt.% NiO/CZ. 
Red – NMR of liquid condensate from reaction run, Blue – Control with water, methanol, 




























































































Supplementary Information for Chapter 4 
 
Figure C.1 Conversion of methane and O2 and yields of products formed during reactions of 
methane, steam, and oxygen in a packed bed reactor setup at 450 ˚C and 1 atm over (a) 





































































































































Figure C.2 Conversion of methane and O2 and yields of products formed during reactions of 
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Supplementary Information for Chapter 5 
 
Figure D.1 TGA of blank and roadblocked catalysts in air (a) Pt/HBEA (b) ZSM-5 (c) Ni/ZSM-























































































































































Figure D.2 TGA of blank and roadblocked catalysts in nitrogen (a) Pt/HBEA (b) ZSM-5 (c) 





























































































































































Figure D.3 First order deactivation profile of catalysts during HDO of anisole (a) Pt/HBEA (b) 
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Figure D.4 Yields of products during HDO of anisole over Pt/HBEA_Blank (a) deoxygenated 


















































































Figure D.5 Yields of products during HDO of anisole over Pt/HBEA_RB (a) deoxygenated 
















































































Figure D.6 Yields of products during HDO of anisole over HBEA_Blank (a) deoxygenated 













































































Figure D.7 Yields of products during HDO of anisole over HBEA_RB (a) deoxygenated 














































































Figure D.8 Yields of products during HDO of anisole over Ni/ZSM-5_Blank (a) deoxygenated 













































































Figure D.9 Yields of products during HDO of anisole over Ni/ZSM-5_RB (a) deoxygenated 

















































































Figure D.10 Yields of products during HDO of anisole over Ga/ZSM-5_Blank (a) deoxygenated 


















































































Figure D.11 Yields of products during HDO of anisole over Ga/ZSM-5_RB (a) deoxygenated 
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